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PREFACE

There are times when some of us yearn for the simpler life of yesteryear. We have a nostalgic

feeling for simple and direct responses to what appear to be simple and direct problems. In the

health field, the skilled doctor may give, in the form of a prescription, what seems to be a basic
answer to a problem, Yet when this thought process is organized into a flow chart, the apparent 4

simplicity may prove to be deceptive. Much potential complexity has been tacitly rejected in a

subconscious reasoning process. In order to answer a simple problem with confidence, many
alternate factors or solutions must be eliminated; much of this reasoning may be below the con-

scious level. Even so, the problem may still turn out to be more complex in itself than meets the
eye.

We are biologically highly complicated. We are impatient for effective answers and too

economically minded to want to turn back the clock. As time moves inexorably on we must

search for new ways to become more efficient and effective with our skills and resources.
The computer has the potential of giving individual attention to patient needs without the

high cost of human service. We must adapt it to perform with skill and economy but leave the

patient a feeling of dignity. That characterizes the goal for automation in eye examinations.
For the foreseeable future we shall speak of computer-assisted eye examination because

the computer has not yet been developed to the point where it can stand alone. Nevertheless,

computer assistance holds the promise of greater access of eye examinations and lower cost. The

beginning has been made. It is hoped that others will join and continue to develop this field of

man-machine interaction for the visual health of mankind.

The work reported in this volume is obviously too extensive to be that of one person

alone. The original concept arose in 1965 during the preparation of lectures for a course on

advanced geometrical optics as studied with a high-level computer language, FORTRAN. In the

course of this preparation it became obvious that eye refractions could in principle be accom-

plished by computers. There were two primary conceptual problems. First was that of communi-

cation between the computer and the patient. The computer could speak to the patient only in
prearranged messages of limited duration, and the patient could speak to the computer with a

pushbutton answer box. The second problem was that of determining the visual acuity. The

answer to that came while I was undergoing a physical examination by means of von Bekesy's

audiometer. His concepts could be adapted, with some modifications, to visual acuity.
The method was tried with the help of Gary Liberman, then an undergraduate optometry

student at the University. Following him, many student collaborators have worked on the project.

Among those who were optometry students at the time were Donald Dilly, William Baron, Robert

Wakamatsu, Rebecca Ng, William Wong, Curtis W. Keswick, Richard C. Koleszar, Lisa E. Moon,

Roy L. Baker, and Khin P. Chung. Glen L. McCormack was a graduate student in physiological

optics at the time. 0
A number of computer scientists who were graduate engineering students at the time have

contributed to the project. They include Paul Chang, Steven Greenfield, Allen N. Weiner, John

Cosley, Yuji Yamasaki, George Hung, Brian J. Phillips, Edward C. Ng, Simon M. Favre, Pavel

Stoffel, Peter D. Robertson, and L. Jefferson Braswell.
C.A. Laudel did the machining for Refractors II and III following the initial mechanical

design of Edward Chan. Lens specifications for Refractor III were drawn by Dr. Maxwell M.

Lang, who also contributed Chapter 3 of this volume.
In some of the earlier phases of this work there was collaboration with Professor E. R. F.

W. Crossman, and his graduate student, Peter J. Goodeve.

The most important single collaborator of all has been Dr. Chacko C. Neroth. His

extraordinary ability extends well beyond electrical engineering and computer science. His interest
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and gcxAd humor made our group meetings both pleasant and productie ,'thout h:7

lert %ouid nir,! have reached its present state of fruition

Or he administratjie and literar) side there have been a number of efficient rv>.--.:

,ncluding Nan. I Lyemura. June Kress. Mar) Jane Macdwyer. Gail Sheridan. C~n:hi- B, -n

Donad C H.nter Eileen Glenn and Linda Keul. working as editorial assistants. orr-' " -'h .

arious hapters. appendixes. and illustrations into coherent organization. Eileen Glenr. -

totipe~st he text
Plates were drawn by Tamia Marg, with the exception of Plate A
The earlier stages of this project were supported by a grant from the National lnsn:iu:e 1

Health Its current fruition was made possible by a contract from the U S Arms Medica

Research and Development Command The contract monitors who were most helpful in exrpe,..

ing the various administrative aspects of the work were LTC John Snell, Major Frank Ko%ach Jr
and Col James Sampson Interest and support were gratefully received from successive (hiefs r,,

Optometro of the Surgeon General's Office. Col. Henry Maes. LTC Gene Borland. nd (6
Arthur Giroux Col. Budd Appleton, formerly the Chief Army Ophthalmologist. has aiwIi.dS
shown his interest with stimulating questions and comments. Speial thanks are also due to

Jerome W Malek, Chief of the General Engineering Branch of the Medical Bioengineerng
Research and Development Laboratory, who has replaced Col. Sampson as monitor of our pro-eci
The collaboration at the Optometry Clinic of the Letterman Army Medical Center at the Presidio
in San Francisco was made effective by the active help and cooperation of LTC David E Johnson.
the former chief, and Major Kenneth W. Anderson. the current one.

General intellectual support at the highest level was received from my colleague and friend
Professor Lawrence Stark of this University.

To the others who played perhaps somewhat smaller roles in this project I also offer m%
thanks and gratitude. Those who have contributed directly to this volume are acknowledged in
the appropriate place.

My only regret, as I see this book taking form, is that computers have not been developed
to the extent where they can find and correct all the errors I have no doubt committed It ma be
just as well that this development is not imminent, however, because when they reach that state
of perfection they may well be ready to write the book themselves.

It seems to me that making the commitment to write a book involves a conflict hetween
one's other interests and obligations, natural laziness, or perhaps conservation of energy. on one
hand On the other hand the creative aspects are stimulating. My primary motivation has been to
collect the work amassed on this project into a single, easily referred to, and relatively compact
form. My interest in visual neurophysiology would have dominated except for this one considera-
tion. So much effort has gone into devising and testing this project that it seemed important to
have the documentation in one central place for reference.

Naturally, I hope it will also be of interest to a somewhat broad readership It is of value
to optometry students who seek an approach to eye examination different from the one to %hich
they are accustomed. It is of interest to health economists to point an alternate pathwa in the
delivery of eye examinations. It is of interest to electrical and industrial engineers as an unusual
application of computer science. Finally, it will be of interest to computers of the future when
they are collecting the early history of their once primitive kind.

Elwin %larg

Berkeley, California, 1980
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Chapter 1
INTRODUCTION

AN EYE EXAMINATION may be organized from a number of specific test procedures to solve i
a recognized problem or to answer a specific question, or it may be a general one to assess the
,tatus of vision and determine whether there are any problems. The former is the province of the
specialist in vision- the latter, of the general vision practitioner. It is the general vision practi- :iiPj

tioner rather than the contact-lens specialist or the eye surgeon who can be aided materially by
computers at this time.

A thorough examination always requires many tests, most of which are normal or nega-
ti',e If the examiner could limit the test to patients who have been screened for greater likeli-
hood of a positive finding on a test or a battery of tests, he would be spending his time much
more efficiently.

In principle, a computerized test can be more valid than one administered by a human
practitioner. That may one day become true of a basic electrocardiogram (EKG), although com-
puter EKG pattern recognition has not yet reached its definitive state of development. In eye
examinations, the practitioner has to fit the results of other diagnostic tests into a complete diag-
nosis and finally into a treatment; several levels or layers of data from various sources, obtained
bv various means and instruments, combine and interact to build a picture or model of the
patient's status and his possible problems. Next, a course of action is planned on how to meet
these problems. With the development of instrumentation, the practitioner has been able to build
in his mind a more valid and useful model of the patient's visual system. It is becoming increas-
ingly feasible to make some of our instruments more intelligent so that models can be presented
ready made, ultimately via computer graphics, to the practitioner.

In computer-assisted eye examinations the practitioner sees the patient and interacts with
him p:imarily for two reasons: to ascertain that the computer system and program flow charts
have been adequate to the task, and to give the patient personal interaction in the examination.
More useful information might be obtained from the patient directly by the practitioner, but the
quality of the examination and the cost of obtaining these data must be evaluated and taken into tit
account jj '

Currently the computer system can suggest an optical prescription. There are means by
which the system can evaluate its own validity. Nevertheless, the practitioner must remain in
control, not only for human contact but also because of the limitations of communication between
computer and patient. The patient talks to the computer through a response or answer box. For
the case history there are three buttons, yes, no, and doubtful. The refraction response box has
hve pushbuttons, four placed in the configuration of the points of a diamond and one in the a
,enter Each of the buttons has several possible meanings, but only one at a time for a given test.
In the visual-acuity test each point of the diamond represents the direction of the opening of the
hroken ring or C, up, down, right, or left. In a choice between two lenses presented sequentially,
lens number one is represented as the better choice by the top button, and lens number two by
,he bottom one The center button, with an exception to be discussed later, is reserved for calling
for a repetution of the instructions.



Patient-computer communication is restricted. The patient is limited in what he can say to

the system. He cannot ask questions; he cannot ask for sympathy or approbation during the test.

He cannot explain his apparent failure or express doubts. All such human but functionally ques-

tionable communications must await the human interview afterwards.

The computer is also limited by the prerecorded messages in what it can say to the patient.

There is currently no economical possibility of spontaneous banter or joking, although standard

jokes could be programmed much as some classroom lecturers use the same ones year after year

Philosophical Bases

In human affairs there is generally a striving for change-change for what is believed to be

for the better. In the political world it is called reform. In the esthetic world it is exemplified by

art nouveau. In the business and professional world it is named effectiveness and efficiency.

Effectiveness indicates that the objective of the task can be met. Efficiency is a measure of the rela-
tive effort that must be used.

Effective eye examinations have been performed for more than a century. New instru-
ments based on new scientific concepts made them possible. The invention of the ophthalmo-
scope opened to view the deep interior of the living eye. The retinoscope, or skiascope, gave a
stable and reliable estimate of the refractive state of the eye. The trial lens set, and its develop-
ment into a refractor, offered a systematic and precise choice of refractive-test powers. Additional
data could be obtained from the ophthalmometer or keratometer about the curvature that indi-
cates the dioptric power of the refracting surface of the cornea, and from the slit-lamp corneal
microscope about the refracting media, especially the crystalline lens and cornea.

These instruments, which characterize modern eye examinations, have all been well estab-
lished for more than half a centuy. The last fundamental improvement in them was the replace-
ment of external light sources with internal incandescent lamps. Further improvements have
come in very small steps, with many changes being based more on selling points than on exami-
nation criteria.

Ophthalmic instrumentation has not developed by itself, but rather from the practical
applications of new concepts in technology. Bright and steady light sources had to replace flicker-
ing oil lamps and candles. Ground and polished optical surfaces were needed to overcome the
defects of blown glass. Tubes, diaphragms, gears, detents, scales, even knurled knobs had to be
readily available from the machine-shop lathe before brilliant new ideas such as the ophthalmo-
scope could be translated into clinical usefulness.

In the past decade a new development of science and technology-the computer-has had
a profound effect on industry that is just now reaching ophthalmic instrumentation. Continuation
of this trend would seem slow but sure, a judgment based not only on the movement of all tech-
nology toward computerization, but on the advantages it can provide in eye examination.

The economic justification is the primary but not the only reason. Ultimately the quality
of eye examinations should improve with computerization, although at the current stage of
development the goal has been to have the computer do what it can do without any decrease in
the quality of the service. Improvements can be sought after the initial development is accom-
plished and the operation of the system is better understood. Other justifications include more
ready access and reduction of language and other cultural barriers. Access is not currently a seri-
ous problem, but it could become one if third-party payment for eye examinations and prescrip-
tions should become common, as might happen with the passage of a National Health Act similar
to that in the United Kingdom, where the initial increase in demand was tenfold. Any large
change is likely to throw the current balance between supply and demand out of comfortable
equilibrium.

Aspects of the eye examination not readily computerizable will become more important in
the future with the further development of science and technology in our field. For example, the
examination of infants before the end of the sensitive or critical period promises to become a vital
preventive eye-care service. The detection and diagnosis of diseases may become more important
as new treatments are found to prevent or cure them before irreversible damage is

n2
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done The trained personnel for these increased services may well come from among those
relea'ed from more rote activities by computer systems.

The quest then is to use computers combined with effective ophthalmic instruments, the
principles of which have been developed over the past century, to provide a more efficient eye
oxjinination-efficient in terms of cost and skill, and no less effective in terms of quality than the
,.urrcnt manual ones.

(General Eve Examination
An eye examination designed to determine the visual condition of a patient may be

di.ided into the following parts.

/ v .itroict' Interrogationi
This part includes the name, sex, age, address, telephone numbers, occupation,

dcntifi.ation number, and billing information.

(a' II'.uirv
A patient may present himself because he has a specific complaint in regard to his vision,

or he ma' want an examination to be assured that there is no insidious problem or disease. If the
patient answers correctly, the case history yields the reason for the visit. The examination has
t%%o primary goals. first, to discover any threat to vision and remove it; and second, to satisfy the
patient',, complaints, especially the chief complaint. The case history reveals the complaint.
Without it the practitioner must assume it from the examination data. Most commonly the prob-
lem is poor vsual acuity or 'eye strain' because of a correctable refractive error.

o ,ta/ .4c0'.ti',

The primary symptom of a need for refractive correction is poor visual acuity. Generally it
is di ,o the chief complaint. More than a single visual acuity value is required for each eye. Acu-
its must be measured with various lenses in addition to an initial measurement of the naked eye.
It i also recorded with any previous prescription for distance vision. It may also be measured
,,ith the lenses found by objective means such as retinoscopy. After the determination of any
increase of lens power for reading, the visual acuity can be measured at the reading distance.
tlowever, the initially essential measurements are acuity without glasses and with the most
,urrent prescription for distance vision.

4 f. '.amimaton fbr Eve Diseases

In a general eye examination this phase can be considered as being a screening examina-
lion A patient having a suspected disease can be referred for a specialized ophthalmological
-xamination. This examination includes observation of the outer eye and adnexia, and the inner
c'e and fundus by both ophthalmoscopy and slit lamp-corneal microscopy. Field measurements
with a t;ingent screen and tonometry follow.

()hioi tne Ref action

Generally an objective refraction-one that does not require any response from the
ilitnt-n s des-rable, but not essential. It gives the examiner confidence in the patient's subjec-
.'e responses and provides a good starting point for that examination. The classic method for
i omphshing the objective refraction is by retinoscopy. Newer methods include automatic
r'tnS.O.,py and visual evoked potential refraction (Chap. 7).

6) ohw. live Refraction

Subjective refraction consists of a battery of tests to provide the combination of lenses that
zives maxmal visual acuity without activating accommodation. In effect this procedure defines
refractive error. No other test has maximum psychophysical visual acuity as its endpoint. It is
,he heart of the whole eye examination. It provides the best optical prescription that most

patients seek The principle is to determine which of a pair of lenses provides clearer vision and a
plus or convex lens bias to inhibit accommodation. It is complicated by the determination of

3



the power and axis of the cylindrical lens to correct astigmatism. Frequently included in the sub-

jective examination are tests to determine eye motility and balance (heterophoria and duction

tests) and, most important, near tests to determine the reading prescription. The latter consists of

the distance corrections obtained subjectively plus the nearpoint addtion or add similarly obtained

at the normal reading distance (often taken as 40 cm).

7. Final Decision and Prescription
When the lack of adequate visual acuity is the chief' complaint, the maximum visual acuity

lens finding from the subjective examination is generally prescribed. If not, an attempt is made to

find a solution to the chief complaint from the data obtained.

A computer system can be applied to a general eye examination in the following areas

1. Entrance Interrogaton
These personal data must be entered into the computer manually through a terminal (a

teletypewriter connected to a computer), unless they are previously encoded (for example, on a

magnetic strip such as those found on credit cards).

2. Case History
A computer can take a case history by limiting the flexibility of communication. The sys-

tem should be designed so that this limitation is not important to the acquisition of the required
data. This goal has been achieved in medicine, including specialized case histories for gynecology
and neurology. A general eye-examination case history is different only in that the questions
refer to problems of vision. Also, it may be wise to assume that the patient cannot read before
obtaining prescription glasses. For this reason (among others) we use an audio format. The
questions in a branching program are presented to the patient over a loudspeaker. A response
box with three push buttons allows the patient to answer the computer with the messages yes, no.
or doubtfl. A doubtful response brings a repeat of the question, with a similar response standing
for don't understand, or don't know*

The computer case history is discussed in detail in Chap. 4. It is enough to state at this
point that a useful case history for an eye examination can be obtained by a computer system.

3 Pic I)ete fon anrd Otagnos.i of Disease
t)phthalmoscopy could be automated if computer pattern recognition were of the same

le),el a% that of the visual system. Unfortunately, machine pattern recognition is still relatively
primilie and it does not seem likely that it will approach that of the human system in the fore-
seeahle luture Ophthalmoscopy seems destined to remain a manual (or visual) art for the
present Simildr,, the slit lamp-corneal microscope has the same pattern-recognition require-
menl, atrd requires perhaps even more manual manipulation to produce the desirable images.
k iVuai tie' ', an he largely automated, although the current costs for the largest systems may
rieed l, hc reduced for rutine testing. Tonometry can be, at least in part, automated. Grolman's
nint att instrument would be the simplest one to use in a computerized facility, since a
minimum of manipulation is required and the eye is not touched. However, the main part of
sc:reening tir disease must be done by highly trained personnel.

4 [he ()'iecive Retra tIon

In ordinary practice the objective refraction is determined by retinoscopy, a method that
usually takes a student clinician several years of practice to learn well. Three automated retino-
scopes are currently available that can perform essentially the same task without a skilled opera-
tor. These devices cost about $20000 each. Another approach is the use of visual evoked poten-
tials for objective refraction. The simplest substitute for an objective refraction is the prescription
of the previous distance correction, if any. Our system has a flow chart that takes the visual acu-
ity through any of these prescriptions or findings available and chooses as the objective-result
value the one through which the patient sees the best.

4



'IO

the .S'uietfive Rela-ton

The sublectire test actually is not a single one but consists of a battery of separate sub-
!Qt, It can be performed by computer in virtually the same way it is administered by a clinician,
Ntli one important modification. The normally unstructured exchange between patient and clini-
,,in must be confined to that provided by a few pushbuttons for the patient and a few
;,rerccorded messages for the computer. Because of this limited communication between patient
td computer, the usual radial line or sunburst chart is modified to provide a three- or
,,ur-,hoice series ol gratings, which allow the finding of the axis of astigmatism within 5.

Cross-cylinder tests are also administered as pairs of lenses; the patient is asked to say
,%hnih o a pair is better, lens number one or lens number two. In this way the cylindrical axis
And po er for correction of astigmatism can be ascertained, along with the values found from the
jklial line or grating charts.

In , n, case, a complete subjective examination can be administered by a computer system
:'Li1t :an pro ide a prescription yielding maximum visual acuity.

f ti - t ) i,,n and Prescription
This is the himan part of the system, by design. Even if it were possible to automate it

= ith the current state of technology it would be wrong to attempt to do so. This part allows the
_ ,itient to make any views, ideas, or feelings known verbally. It provides a means of human con-
irol and %,alidation of both automated and manual procedures up to this point. The clinician
reuiews the patient's printout. After a discussion with him, the doctor makes the final decision
n njuding a possible prescription; that terminates the examination. If the patient needs spectacles
,,r an, other attention he is referred to the appropriate specialist and place.

The introduction and principles offered here are not a substitute fior a more profound
KnoV.ledge of the field of eye examination as it has developed in the past century or so. The
reader should consult Southhall 1936, Lawrance and Wood 1936, Emsley 1952 and 1953,
Duke-Elder and Abrams 1970, and Borish 1970 for general texts on eye examination and optics.

The Need for Automation In Eye Examinations
It is easy for one immersed in its development to assume that automation is the wave of

the luture and need not be justified. Nevertheless it is important to make a hard-headed evalua- 1;
[ion or analysis to be sure that change is being suggested for the benefits it will bring rather than
7-pre',enting change for the sake of change.

Perhaps the best approach is to put automation aside for the moment and discuss how eye
cXammnations should be improved without regard to the method. Later the methods of automa-
ton by which these goals might be effected can be considered.

It goes without saying that eye examinations, as well as other health-care activities, should "
he improved. They should be more accurate or valid. They should be less costly. They should
detect insidious, irreversible diseases early, in order to arrest them before significant function is
lost They should be readily accessible.

Greater accuracy or validity in an eye examination is not a pressing need in view of the
generally satisfactory procedures currently available. Basic research on the function of the visual
,witem will no doubt lead to improvements in this direction. The exception to adequate examina-
;ion procedures lies in what could be provided for the infant population. Knowledge as to the
human critical or sensitive period and its significance, along with acuity measurements by visual
esoked potential, should fill the theoretical and technological gap here. However, automation per
se will be of little help except to reduce the time it takes the doctor to perform the examination.
Initially it will be necessary to strive to keep the quality of the automated parts of the examination
up to the best of current manual practice. Early attempts have shown some success, as may be
seen towards th., end of this chapter.

A reduction of cost has been the impetus for automation in all the fields it has come to
dominate A computer-controlled traffic light is less expensive than a policeman. A computerized
billing system is far less costly than the bookkeepers who would do the same job manually.
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Probably the most important contribution automation can make to eye examinations is an

economic one. Later, evidence will be presented to show how an automated system could reduce

the cost of eye examination markedly. It has been the general experience in the development of

automation that the ratio of manual to automated cost continues to rise. The principal barriers in

automating are the design and development costs, which may be of a nature and magnitude that

do not make it clearly profitable for early private commercial development.
Automation can help in providing better eye and vision care. Automation comes after

procedures are known, reasonably understood, codified, and reduced to flow charts and algo-

rithms. It must be based on rules that can be specified in a flow chart. But automation is not

expected to make new discoveries, although computer methods can readily keep and calculate

statistics that may point to improved testing. Research and development are not the major thrust
here. Computers bring the gift of perfect memory, incredible speed, indefatigability, but not yet
cerebration in its best human sense. At present machines must be limited to do what can be
reduced to a relatively simple set of rules.

Access to eye examinations and other health-care facilities is not only a matter of physical
access, although that too may play a part. Sometimes economic barriers prevent people from
obtaining proper care, especially when there is no obvious need or symptom. It takes foresight to
seek an examination for the possible prevention of symptomless diseases that lead to irreversible
deleterious effects. There are also cultural barriers, including language. Access can be increased
by reduced cost and also by the use of appropriate languages in the various audio memories which
provide the questions, instructions, and commands. The printouts for the doctor remain, of
course, in his language regardless of the one used for the patient.

Access is also increased by having an eye examination facility as part of a large health
center or hospital outpatient service, fed by satellite health clinics in the various neighborhoods.

Under present conditions the current supply of eye examinations is generally assumed to
be in equilibrium with the demand. Of course, conditions can change rapidly. A new diagnostic
method or cure for an insidious disease could shift the balance. Or, if the cultural and economic
barriers were to be overcome, the demand might well outpace the supply. Further specialization
(for example through new developments in contact-lens materials), which increases that demand,
would reduce the number of clinicians for general eye examinations and therefore the supply.
New developments in the detection of disease, geriatric visual care, and pediatric visual develop-
mental problems not accessible to automation would also reduce the general supply. The increase
of professional manpower has been a governmental goal. Federal agencies have provided subsi-
dies to schools of optometry for some years without striking results. For example, about the
same number of optometrists are practicing today as 20 years ago, although many of them now
are much better trained. During the same period the number of board-certified ophthalmologists
has perhaps doubled. It is not clear how many of them can be considered as numerical replace-
ments for the reduction in the number of eye physicians who had not comparable specialized
training (Hayes and Randall 1974). The general trend to better training ideally complements
automation, which can compensate in part for the reduced numbers but could not compensate for
any reduced quality of the clinicians.

A general eye examination includes (1) the determination of visual acuities (with the
naked eye, and with old spectacles and new), (2) screening for disease (including the use of an
ophthalmoscope, tonometer, and tangent screen, and, if indicated, corneal microscope-slit lamp),
and (3) a determination of the refractive status of the eye (a subjective eye examination and if
necessary an objective one also). It excludes extensive medical diagnosis, medical treatment, and
surgery.

There are no direct statistics on the supply or demand of general eye examinations in the
USA. However, figures can be obtained if we make a few reasonable assumptions. It is known
that there about 21 000 optometrists and 9000 ophthalmologists. They include those who do not
spend most of their time performing examinations. Some are in schools, colleges, and universi-
ties; some are in government service, including public health and the armed forces; and others
have gone to business and industry. Among the ophthalmologists, many devote a good part of
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itir aime to specialized eye examinations for medical therapy and surgery.
It c.an be assumed that 95% of the optometrists' time is concerned with general eye exami-

nations and 60 to 75% of the ophthalmologists'

Number of )ireci patne i % Time eye- Full-time
pra1itioners care (90%) care examination equivalents
(thousands) (thousands) (thousands) (thousands)

() 21 18.9 95 17.95

\1 l) 9 8.1 60-75 14.8616.08

3I ,0 270 22.81-24.03

The number of eye examinations performed per working day varies from about 5 to 20
patients It is noteworthy that optometrists who like to spend as much as an hour or more with
-,th patient do so with the conviction that this thoroughness results in better care. They feel that

-,tm-ining more than eight or so patients a day is not in the best interest of their patients. The
,,phihalmologist who believes that the essentials of an examination can be accomplished in 15 or
20 minutes sees no ethical or technical problem in handling 20 patients a day or more. (A
,.ell-known Dutch ophthalmology professor once confessed that under their health insurance
,,heme he regularly saw 80 patients a day, which he did not consider unreasonable!)

It is assumed that a working year has 200 working days. The average optometrist provides
8 q examinations per day. the average ophthalmologist, 17.8 (Hayes and Randall 1974).

FTE Exams/year
I xrninations/vear-doctor (thousands) (millions)
I i) 200 days/year 1 89 exams/day - 1780 exams/year x 17.95 31.95

4.86 17.30
%11) 200 days/year X 17 8 exams/day - 3560 exams/, ear x 16.08 2164

49.25-53.59

We can take as a round number a supply of 50 million general eye examinations per year

in the USA
The U.S population is more than 210 million, which gives an average of one examination

trm 4 26 to 3.91 or about every 4 years, The figure seems reasonable. Some never have an

examination until forced to have one by presbyopia. The first encounter may occur in an
il-illuminated booth with a telephone directory in the 4th to 5th decade of life. Others, because
m refractive problems, have had frequent examinations since starting school.

If it were assumed that everyone should have an annual eye examination (equal to the fre- .
quenc recommended for general physical examinations and half that recommended for dental
examinations) the annual number of examinations demanded would be more than four times
the current calculated value. It is likely that the present capacity for examinations could be
enlarged to some extent. Ophthalmologists appear to be working on general eye examinations at
apacity (judging from (he weeks to months delay in obtaining an appointment for this service),

hut optometrists by and large do not. If they could increase their capacity by about 20% it would
mean an increase of 21000 x 0.2, which comes to the equivalent of 4200 more doctors or 8.4

million more examinations per year. This is a sizable increase over the 50-million supply, but not
much more than a drop in the bucket towards a potential 210-million demand. Furthermore,
increases in demand that take up the last reserve slack in capacity are likely in any free
market economy to push up prices.

7
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It appears that there is an important need for automation in general eye examinations if

we are not to have the demand outstrip the supply. To build, test, and prove a large-scale system

such as that proposed in the following section of this chapter (Modular Computer-assisted Eye

Examination Facilities) would take 4-6 years. To build and distribute such systems on a national

scale might require another 6-10 years. In order to prepare for conditions in 10-16 years, it is

necessary to start planning and building now.
In summary, there may well be a current potential demand for eye examinations that goes

unfulfilled because of difficulties of access, cost, and cultural and linguistic barriers. In the fore-

seeable future the highly trained personnel required for eye examinations will be less available for
general eye examinations, because of the need for their specialized skill in directions that are
likely to expand and cannot be automated. These directions include contact lenses, early detec-
tion and treatment of diseases, and the eye examination and treatment of infants within their sen-
sitive period. In preparation for the future supply of adequate numbers of eye examinations, a
minimum of a 10-year lag must be reckoned between the decision to increase capacity and the
time of achieving it on a national scale.

Modular Computer-assisted Eye Examination Facilities
The computer-assisted eye examination facility design must center around the doctor. He

is in complete control. The floor organization and equipment are there only to allow him to take
care of his patients more effectively and efficiently. It is therefore necessary to design the system
around him.

One of the complications in drawing a design is that there are two kinds of doctors, the
optometrist and the ophthalmologist. Each tends to have a somewhat disparate outlook on the
performance of essentially the same clinical task, so that it has been found necessary to have at
least two different designs. As long as these differences are kept clearly in mind, it is not a
difficult task to design two systems that will make the different operational conditions into a more
effective service.

The doctor-oriented system must be designed to provide the doctor with the specific flow
rate of patients that meets his capacity to provide the final judgment and prescription.
Optometrists in general take more measurements on a patient than do ophthalmologists. It is
beyond the scope of our treatment to discuss what measurements are most valuable and whether
these additional data are necessary or even desirable. A complete manual optometric examination
requires a period of approximately one hour per patient. Some optometrists may
spend only 15 minutes with a patient, but by and large they consider this a minimum time, to be
done only under conditions that are somewhat stressful, such as in working directly for a large
health plan or government agency. Calculating the actual examination time is not simple
because the hour mentioned may well include a frame fitting, choice of frame styling, and the
making of financial arrangements. The ophthalmologist, on the other hand, may often feel that a
15-minute examination is easily adequate. In fact, a survey of some ophthalmologists who use
automated retinoscopes revealed (Decker 1975) that they reported seeing from 75 to 350
patients per week! For a 5-day week, that comes to a maximum of 70 patients per day. There is
no easy way to determine how much time is necessary for each patient. Perhaps the most rational
way is to determine the time required to provide satisfaction of the patient with his visit
and his spectacles, if any. It is also desirable to have some measure of visual efficacy with the
prescription. These criteria are very difficult since it is not clear how patient satisfaction or visual
efficacy should be measured. In any case, currently one can only guess (Scylla) if an examination

period is too long from an economic point of view, or (Charybdis) too short from a patient
fsatisfaction point of view. The degree of this trade-off, of course, may also depend on the indivi-

dual patient.We can now examine two floor plans, both centered on the doctor, one intended for the

optometrist and the other, for the ophthalmologist. To provide a constant flow it is assumed that
with computer assistance an optometrist would be able and willing to review at least four patients
an hour, and an ophthalmologist, ten patients an hour.
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The opiometric plan shown in Fig. I-I includes as its basic feature four refraction rooms.
.\t a maximum of a half-hour per refraction, these four rooms can feed to the doctor four
patients an hour, one every 15 minutes. The rest of the facility is built upon this assumed
tlo', The patient comes into the waiting area where he is entered into the computer file by the
receptionist at the reception desk. lie is then taken to a room where a case-history interview is
administered, There are three such rooms, based on the assumption that a case history will take
no more than 30 minutes. It costs little to keep one room in reserve since additional
case-history rooms require very little equipment as long as the computer aspect of it is already
asailable on a timesharing or standby basis. After the case history, the patient is taken to the
room where his visual acuity is measured. Next, the patient is ushered into the pathology
room, where a technician performs visual fields and perhaps slit-lamp microscopy and
ophihalmoscopy examinations. Fifteen minutes should be adequate time for these tests. Next,
the patient is given an objective refraction, either with an automated retinoscope or by visual
e~oked potentials, and after that an automated subjective refraction is administered. Upon com-
pletion the patient is ushered into the doctor's room, where the doctor reviews the records which
are rapidly generated on a fast line printer. The doctor may do some final checking and he may
also perform an ophthalmoscopic examination. The patient is then released to go to the optician
and/or business office.

An analysis of the computer equipment to be used for such a facility was made by Lee,
Braswell. and Marg (submitted as a report to the U.S. Army Medical Research and Development
Command, 1978). This plan is based on a centralized computer facility with a separate computer
room The advantage of having separate stations for the case history, pathology examination,
acuity, objective refraction, and subjective refraction is that different specialized equipment can be
kept in different rooms. In this way more expensive equipment is not lying idle while less expen-
si.e equipment is being used in the same room. A contrasting concept is the decentralized com-
puter facility in which all testing for any patient is complete in any room, each of which has its
own microcomputer facility completely independent of all others.

The ophthalmological model floor plan has six identical eye-examination rooms (Fig. 1-2).
All the functions with any one patient, including the consultation with the doctor, are performed
n the same room. The patient is seated by the technician and the initial information is entered at
the teletypewriter terminal into the flexible-disk file. The clinician then takes the case history and
%isual fields. He may also perform an objective refraction. As the patient has completed the
automated subjective eye examination a signal light appears over the outside door of the room to
alert the doctor that the patient is ready for the final consultation. The doctor reviews the
patient's printout and approves the prescription. The patient, with his disk file, then goes to
ophthalmic dispensing and/or the business office where his disk file is taken and entered into a
central combined disk file. His disk is then erased and released for another patient. There are
three additional rooms solely for automatically determining the case history. They may be used in
addition to case histories being administered automatically or manually in the eye-examination
rooms for patients who are slow to respond.

Each room has its own microcomputer, which includes cathode-ray display, hard-copy
printout, and a dual flexible disk. The program for the eye examination is on one disk and the
patient s data file record is on the other. It is possible to put them both on one disk and use the
other as a spare. All the computers are identical and interchangeable. If any computer is out of
order, it is a simple job to substitute another one for it. Spare computers can be taken from
different stations such as that of the program analyst or the case history, or even interchanged
from the optician's room if necessary.

The six eye-examination rooms are calculated to provide a flow of about one patient every
5 minutes, or approximately ten patients per hour. This number is based on the assumption that
each room will be used for an averqe of 30 minutes per patient.

By these emi-automated methods, and with the use of technical assistance, it can be seen
that in principle the patient flow rate can be at least doubled from current practice. If the
optometrist formerly took an hour and now takes 15 minutes, his productivity rate is
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quadrupled. If the ophthalmologist formerly took 15 minutes and now takes S. his rate is triplc,!
These are, of course, only estimates. The final data will depend on actual clinical trials

The second model, Fig. 1-2, is probably more efficient than the first It is clearly mcor
immune to an incapacitating breakdown. It could also be used for optometrists provided th,
necessary modifications were made to provide the desired rate of patient flow

Economics
It has seemed self-evident, and even more so since the advent of microcomputers, th,,

anything a computer can do will ultimately cost less than having a human being do it Over thc

centuries, man's economic standard of living has continued to rise and especially so since th,
industrial revolution. Machines to a large extent have made the difference Computers are carr,
ing this development even further.

The cost of computation is decreasing at a rapid rate It has been said that the costs are
halved every computer generation of about 3 years. This trend is continuing but it obviouk
cannot continue indefinitely. Even if the reduction of computation costs reaches an asymptote.
the increase in human costs (real income, corrected for inflation) in recent times has doubled
about every 20 years (Gerard 1969). Obviously, if they have not done so already, these i%,,
curves will cross some time in the future, with the computer showing the economic adanitage
However, one mitigating factor must be taken into account: the high cost of specialized
input-output equipment. Unless it can be massproduced, which is not likely for the limited
market, or at least computer produced (Cook 1975), its cost will increase in the future The
large development costs are an important factor, particularly that of manual programming in a
low-level language, which is necesstry with today's relatively inexpensive computers This
choice also weds one to a particular typf of computer. It does not allow free changes of hardware
to take advantage of the new and increased economies and flexibilities possible with
newly developed models.

It can be deduced that if it were not for the large development costs to build, program.
and debug a system, computer-assisted eye examination facilities would be proliferating toda. tot
economic reasons. Corporations take their responsibility to their stockholders seriously and the%
cannot reasonably take long chances on a system that is not clearly going to give a good return for
the amount of investment capital risked. Initial financial support must come from government,
philanthropic agencies, or from the eye professions themselves.

Aside from capital investment for development, the crucial economic question in
computer-assisted eye examination is, how much of the doctor's time (which translates into
money) does the computer system save? It is of course assumed that the quality of the examina-
tion is maintained. As was mentioned in a previous section of this chapter, optometrists generall%
like to spend I hour with a patient whereas ophthalmologists often feel 15 minutes is more than
adequate. These figures were supported in a study by Hayes and Randall (1974) which showed
that optometrists average 8.9 patients a day whereas ophthalmologists see 17 S.

Since part of the eye examination is automatable and other parts not, a study to determine
how much time the optometrist spends performing automatable tasks was required. That was
done with a stop watch (Marg and Ng 1972). Optometrists in their office practice were timed for
each part of their examination activity. The results are shown in Table I-I

According to this division of activity, the optometrist appears to require only 10 minutes to
do the external eye examination, ophthalmoscopy, and retinoscopy (which could be automated
but may be done equally quickly manually by an experienced doctor) including 5 minutes for the
final check, prescription, and discussion. On this basis an optometrist could see up to 6 patients
an hour instead of about one.

Such figures can be deceptive and need validation. However, if they are only half correct,
the savings would still be substantial. For example, if we take a remuneration of approximately
$40000 a year for an experienced optometrist or ophthalmologist, increasing his output six times
could bring a value of $240000 a year. The additional $200000 can more than support a com-
puter system facility once the development costs are paid. The savings could go toward
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TABLE 1I- Delegation of activities to computer and human assistants.

[Im e r Human
hh,,: k Optometrist assistant Computer assistant
minI rest time (min) time (min) time freed (min)

41 4 external eye 0.6

case history 3.0*
set up equipment 1.9
ophthalmoscopy 2.0
retinoscopy 1.9
subjective 6.4

41 4 muscle balance 1.5
near tests 2.3
bifocal adds 2.4
keratometry 2.5
tonometry 3.0
stying frame selection 6.9*
check old glasses 1.5
ad'vice 5.5*

adjusiments 4.2

;11 deliNseries 7.0
write orders 5.8*
,heck orders 13.8

final check and discussion 5 0

'2-95 33.9 33.8

"Withut a computer sstem, these tasks could he performed by human assistants. This adds up to
'I rminutes tor the human assistant's time and 22.1 minutes for that of the optometrist.+These ser ices are not necessary for each patient (for example those who may not need spectacles).

I hi, t.,Tor would reduce the total time from 72.2 to 46.4 minutes.

lower lees and higher salaries. Table 1-2 shows an estimated cost to build such a facility.
For comparison, three types of eye examination facilities were considered (Table 1-3): a

single ophthalmologist with a manual system, one optometrist with a three-station automated sys-
tem, and five optometrists working under manual conditions.

It is important to realize that these are cost figures. Because the ophthalmologist works
taster his cost is lower in comparison with the optometrist in manual systems, $15 vs $19.
(Optometrists would argue that faster examinations are less thorough and do not provide the best
quality vision care ) However. the ophthalmologist usually charges the patient more. It is impor-
tant to distinguish between the cost and the charge. The cost may be halved but the charge
depends on socto-economic factors that may not be based in terms of health care.

It is possible that the cost per patient could be reduced significantly with such a system

provided there is a reliably high rate of flow. Although the average cost to a patient in San Fran-
isco for such an eye examination today (1977) is $30 for an optometrist and $40 for an ophthal-

mologist, the actual cost in a facility under public support appears to be closer to $10 per patient.
thus the saving would be of the order of half of this amount, or about $5 per patient based on
Jinic costs but $25 to $35 based on current office charges.

It should be noted that this transfer of activities partly to the computer and partly to the
,x hnician is well justified in modern technical practice. In fact, in all efficient fields of collective
urman endeavor, it is general practice to delegate as much as possible work to the less skilled,

c, talented, and less educated, provided there is no unacceptable loss of the quality of the per-
',rmance lits trend reserves for the more skilled, talented, responsible, or more educated the
more difficult tasks In the ideal, a system is developed which permits each individual to rise to
'is highest level of competence and motivation with commensurate rewards.

The distribution of tasks among people and machines brings to mind the picture of the
Hravie %ei. World in which Aldous Huxley divided the work according to the kinds of people that
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TABLE 1-2. Equipment and capital cost for six stations as illustrated in Fig. I-2.

Computer systems and interfaces S140(Kin

Line printers
Projectors, random access 2 IJ)i

Refractors, computer actuated 20N11'
Recorders, magnetic, audio 24(XXI
Tonometers, AO noncontact
Ophthalmic instruments, including slit lamps 29 MWn

Chairs and furniture
$341 I7n

Amortized over 10 years excluding interest, $34 117 per year.

TABLE 1-3. Example of cost analysis for three types of eye-examination facilities.'
System-

Annual expense

Description of system per unit A B C

Equipment
General Ophthalmict $ 500 $ 500 $ 500 $ 2500

Furniture and space 500 500 I 000 1 510

Refractor (manual)t 500 500 1 000 I 50(1
Refractor (automated)t 5700 0 17 100 0

tamortized over 10 years
Personnel

Ophthalmologist 40000 40000 0 0

Optometrist 30000 0 30000 150000
Maintenance for automated system 666 0 2 000 0
Receptionist 10000 10000 10000 10000
Aide 8000 8000 16000 24000
Technician 12000 0 12000 0

Annual total $59500 S89600 $189 500

Assume 200 operating days per year: Daily total $300 $450 $950

*Devised by Dr. James Millott.
**System: A. I ophthalmologist with manual system: (20 patients/day)-$15/patient

B. I optometrist with 3 automated instruments: (48 patients/day)-$9/patient
C. 5 optometrists with manual system: (50 patients/day)-$19/patient

inhabited that world. At the top were the Alphas who were the intellectuals; then the subintellec-

tual Betas, and down through the Gammas, Deltas, and finally the Epsilons. The last were small,

simian-like semimorons who did all the most menial work. This imaginative picture does not
seem to have taken into account the machine or the computer, nor has it taken into account the
political philosophy (one man, one vote) that has been more strongly developing over the decades

since the book was published. We all are, or believe we are, Alphas. The work of the Betas is
being delegated to the computer and so on down the grading to the Epsilons, whose work has

been given to machines. The Alphas of today are those who in the broadest sense control the

computers and the machines. Even if Huxley's scheme were not an economic catastrophe it
would require, as he himself made clear, authoritarian control, as well as a degree of docility that

is not characteristic of our society.
As stated earlier, the future of computer-assisted eye examination rests squarely on its

economics. However, history teaches us that it is difficult to predict the path of the adoption and

use of new technology. For example, right after World War I1 the experts expected a private
flying boom. Predictions were made that Model T airplanes would fill the air and we were told
that we should not build bridges and freeways but small airports. These predictions did not
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foresee the expansion of commercial air traffic, nor anticipate that jet planes could lead to mass
trjinsporttiofn by air in place of large surface vessels (Drucker 1973). Another example is found

in the computer which was born as a major scientific and technological revolution. Its main use
initiil, was in scionce and warfare, not in business and governmcnt. Market research at that
timc concluded that 1000 computers would be needed by the year 2000. Now, only a quartet of a i.
,entury later, there are more than 150 000 computers in the world (before the microprocessor
rcolution). most of them doing mundane bookkeeping work. The most successful prophet of

lcchnology, Jules Verne, predicted much of 20th century technical progress. Few scientists took
him seriously at that time. But as prescient as he was, he anticipated no social change, but based
hi', exiraordinarii %isions upon an unchanged Victorian society and economy.

If specific technological prediction is difficult, it can be stated with confidence that technol-
og, gcnerally continues to improve as does our ability to use it to solve our problems. What are
the possibilities of improving the computer-assisted eye examination in the future? The future
mia. he divided into the near and distant, the near future presenting possibilities that can be
tihie~ed now at a reasonable cost of reproduction with the necessary application of time and
rc,curces rhe far future often becomes visionary without the kinds of limits which prevent
c\Cur,,ions into science fiction. To avoid the classical errors of the visionary, it is necessary not to
lok beIond the horizon. ft

rhe computer is being made more reliable and flexible by the elimination of certain com-
pinents that are mechanically controlled and activated. These changes include conversion of the Ct

,rtridge tape recorders to speech converters. A new chip produced by Harris Semiconductor does
hi,, function with continuously variable slope delta modulation. It requires 16 kilobits per second

oI speech memory and gives telephone quality speech without moving parts. As the cost of solid-
state read-only memory is reduced, longer messages will be more economically feasible.

The random-access slide projector can also be replaced by television or other display tech- "1

niques. without moving parts. Such schemes are currently being designed and constructed.
Newly developed flexible disks would provide faster access to data than the digital mag-

nefic tapes currently in use. It is not only the cost of the new equipment, but also the reprogram- N

mitg costs that must be overcome for a changeover.
Microprocessors are obviously the wave of the future, although our extensive investment

it programming the present project confines us to the PDP-8/E hardware configuration. An

'ntegrated-circuit chip compatible with these programs, the Intersil IM 6100, is being adopted.
I ther microprocessors are being used to replace the hardwire organization of the computer refrac-

,,r interface Although there are no moving parts to replace here, microprocessors provide a
rcdudton in the number of chips needed and lower power requirements, and give greater flexibil-

it% in the organization of the system.
Aside from maximizing reliability, probably the greatest amount of effort should be made

in the optometric flow charts. These routines were devised by clinicians from a clinical point of

ic, It might be desirable to put some of the assumptions made in the initial design of the parts

,,i these tests to a more scientific rather than overall clinical validation. This might be a long and Y_

,tifficult project, but important in considering the future without limitations of time.
('omputer-assisted eye examination is here. There is much to be done to improve it and

propagate it Refractor III system is a smart instrument that can provide a useful prescription
1,r most clinical patients Our calculations indicate that it will be an economically viable instru-

ment in a clinical setting with the proper flow of patients. Although it is smart for an instrument,

is certainly not as clever as a good clinician. When it is under the control of and used as an aid
h, well-qualified clinicians, the final quality of the system's work is high.

Some colleagues appear concerned that computers may displace them. The history of
.mputer ipplications does not give much support to this fear. A system should reduce costs and

nLrCase the access of eye examinations, If employed rapidly on a large scale, computer assistance

might cause some dislocations in the eye-examining professions. In the longer run there is a large

,jnderserved population to which the released talent could be applied. The most neglected popula-

,iim is comprised of young infants. Infants generally are not routinely examined and the newly
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available techniques of determining their eye conditions in order to prevent amhl ip .:

and perhaps squint are not being exploited (Marg et al. 1976) These kinds of examinations dr

not completely automatable. The released professional manpower that would come of gencri,

automation could serve here.
In their brief history of some twenty-five years, computers have in general not repltcd.

but have tended to displace people to other kinds of nonautomatable jobs Certainly a stro g

need will remain for the optometrist and the physician in the foreseeable future But the more A,,

can help by relieving them of some of the more routine and rote load, the more economical , ii

be the system and the better both optometrists and physicians will be utilized for the health of u',

all.
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Chapter 2Y
AN HISTORICAL REVIEW OF OPTOMETRIC

PRINCIPLES AND TECHNIQUES

Arthur G. Bennett
Il Il R<I st \ R( III .S (it Rosen arnd earlier writers into all the available evidence, there

rit 11IC di ojhi thot spectacles first appeared around the year 1280, in Italy. At that time little
t, 1Wint huI the properties ot lenses and ev.en less about the workings of' the eye. For the

600rt mil mirsor~. self-selection fromt a range of' ready-made spectacles remained the oily
icroll I' o ihi mthod oft procurement.

I 11C jim ot lbhis Lhajper is to gis e a broad picture ol' the development of' ref'ractive tech-
1:JI Ithis p)Urpose. the ternm 'refraction' is taken toi mean the assessment of' visual acuity

met'111cr''pi't h s10in~e-hased methods The main paths of' progress in this field are flanked
A10 onriros hwais which offer I'ascinating exploration to those with an historical bent.
Brtkjc lf spi~ limitatlions, emphasis has been placed on the earlier and the lesser-known contri-

iam tohis suhicL t. parlrCUlarli. when thei, are ol' special inherent interest. In general, the sur-
i, oa ls hccri limited io) the aspect,, and methods of" ref'raction which, without too much effort

1 giniratio in~a hc Considered reles ant to the e,,olution of coimputerized optometry.

IIasic Geomric nal Optics
li%.Nt) until thc I tih Lcnlur that the f'oundaiions of' geometrical optics were laid. The

* r',,nirihu)tioM during this epoch was made by Johannes Kepler (1571-1630). In his short
.:tt~ork~ihlc itratise I)oOo.published in 1611. the main properties of lenses and optical sys-

ir ap oundeol (m the basis iof w hat we would nowr term the paraxial law of' ref'raction.
AL1 wLl u dcrso i'd the Iimitatwnis of this approiximation and sought in vain to deduce the

-JiiNhip, hetween lie angles if incidence iind deviation. Though this result eluded him.
.j'ethls rrived at an expressiion giving oinly very, small errors, even at large angles of

11 is 1ho M, dihrord Snell ( I SX9l 1026) that the discovery of' the true law of refraction is gen-
1 tccdiid the first treaitise on optics to he published after this event and to profit by it was
li q'rt qut ilhl'i h'. Ren Descartes (1596-16501), the French mathematician and philosopher.

Is~rc was pajriular1k interested in aspherical surfaces as a means (if correcting spherical aber-
* Or on 1 nhtrunatels . this is a ficid in which mathematics rapidly outpaces technology.

V\through it Aas easil) within .his powers. had he chosen to tackle the problem. Kepler did
oi !hiain a general expression F'or the paraxial l'ocal length of' a thin lens in terms of its radii of

I IL ilrc ( redit for this important step forward must be given to the Italian mathematician
Ito rids ntiura ( asifieri I1599-1647) In his I:.sorciati i pi(, RoPisae %ev.* published in 1647

)cespitc ipisrantes. in m~uraic I ngli'.h veislion of this title would he 'Six Dissertations on
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shortly before his death, Cavatieri established a general formula hut its .altdit, r,,sts oin ih..

assumption that the refractive index of the lens material is I 5 In fact, what he did was t, gcv

eralize Kepler's treatment of refraction by a lens on the basis of the approximate la, of re:

tion. News of the discovery of the true law does not appear to have reached him In the abcr,,

of a sign convention-a concept as yet unknown in geometrical optics-Cavalierl 'has ohligcd 1;

restate his general expression in the form of rules for various spherical lens forms

The task of applying the true law of refraction to the construction of a mathcmelnhi,

theory of geometrical optics was undertaken independently by two contemporaries of an entirci,

different stamp, Isaac Barrow (1630-1677) and Christiaan Huygens (1629-1695) Barrow. t 'nc ,1

Newton's mentors at Trinity College in Cambridge, was above all a geometer of genius but ",,
also a classical scholar and student of divinity, for which he abandoned his chair as the first luL,

sian Professor of Mathematics in favor of his former pupil, Newton. Although Barrow's Li- u,-, n

XVIII opticorum phaenomenon, published in 1669, is a work of the greatest historical importance "

and interest, the lack of an English translation has doomed it to undeserved neglect *
Unlike Barrow, whose interest in optics was purely intellectual, luygens was endled

with surpassing practical and experimental skill in addition to his other exceptional powers. fi

seems to have begun his studies in geometrical optics somewhat earlier in life than Barrow. whose

first university chair was in Greek.
It was Huygens's original intention to publish the results of these earlier researches in

1653, by which time he had already covered an important part of the field. However, this and
later plans for publication were shelved for various reasons. Instead, the scope of the work was

expanded to form a treatise in three parts, generally known by its French title, La Dtoprtqu
unfortunately it did not appear in print until 1703, several years after Huygens's death.

Questions of priority as between Huygens and Barrow are quite inappropriate. Barrow's
Lectiones XVIII first gave to the world expressions for conjugate foci relationships for plane and
curved surfaces, both at normal and oblique incidence (in the tangential plane). It also contained

some beautiful graphical constructions, two of which lead directly to the aplanatic points of a
spherical refracting surface. Barrow also anticipated Airy and Petzval in his investigations ot
image curvature. Some of his results had already been obtained, though not published. b,
Huygens, who used a different approach. A comparison of their methods makes a fascinating
study for the specialist in geometrical optics.

In the fourteenth of his Lecoones XVIII, Barrow gave the following construction for a spec-
tacle lens to aid a myope. It is worthy of reproduction here because it is the first published pro-
cedure for making a spectacle lens on a demonstrably sound optical basis.

Figure 2-1 is essentially the same as Barrow's Fig. 163, with the same lettering, but
reversed right to left. The lens is to be designed for a myope who cannot see clearly beyond the
point Z but who wishes to see clearly the point A at a specified distance. The refractive indices of
the lens material and air are assumed to be in the ratio of 5 to 3 (i.e., n = 1.667). First, the posi-
tions of the vertices B and D are located on the optical axis so as to give a suitable lens thickness
and lens-eye separation. Next, the axial point C is located from the formula

CB = 2ABx ZB/(SAB- 3ZB)
The point C is the center of curvature of the first (concave) surface of the required lens,

and Z is the center of curvature of the second (convex) surface. The work of forming an image
of A at Z is thus performed by the first surface only. For the second refraction, the image
remains in the same plane, at the center of curvature of the surface.

The result of this construction is a meniscus lens which we should now regard as the
wrong way around. Nevertheless, as Barrow pointed out, under certain conditions it is aplanatic.
that is to say, free from spherical aberration with respect to the conjugate points A and Z. All the
rays diverging from A would then, after refraction, appear to emanate from Z.

Happily, there is some prospect that a reliable English translation, already in existence, may be soon
published in England.
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SIt 2 I saa. Brro costruction 11,9) for a lens to enable a myope with his far point at Z to see clearly

It Ae stmpl denote the refractive index of the lens material by n, the object distance AB
o and the image distance ZB by /', Barrow's expression assumes the generalized form

CB = (t- I)AB x ZBI[ ( x AB)- ZB

r =(n- HYl'(tt- P)

I his latter expression. in turn, is simply the familiar

ti /I rt - i

p lied 1h refraction it an air to glass surface.
A stmilar construction was given for a lens to enable a presbyope to see clearly at a

,, iCed shorter distance than his near point.
Ilu.sgens, too, gave rules for dealing with these visual situations but his approach was

lc dtflerent. t was based on determining the necessary radius of curvature for a flat lens of
.%,mmctrical form. lie was well z vare that the radius of curvature of such a lens is equal to its
,,il length it the refractive index of the material is 1.5. He also pointed out that a lens of any
h r lorm could he used, provided it had the same focal length.

Ihe introduction of a sign convention was a notable step forward in geometrical optics. In
words of its originator "The excellence of the modern geometry is in nothing more evident,

* .n in those full and adequate solutions it gives to problems: representing all the possible cases
C'' te .c% of this I now design to give an instance in the doctrine of dioptrics." These lines
-. : written by Edmund Halley (1656-1742), the English astronomer (after whom 'Halley's
,ict" is named) in the opening paragraph of a Royal Society paper published in 1690. In this

* per. tIflley deduced a general expression for refraction by a thick lens, the object distance being
:,:.itsurcd from the first surface and the image distance from the second. Halley's sign conven-

o''1, ir object and image distances corresponds to the 'real is positive' system. Radii of curvature
A•c.re taken as positive for convex surfaces and negative for concave surfaces.

The first major work on geometrical optics to employ a sign convention was written by J
W Herschel (1792-1871), another eminent astronomer, in 1827 It is particularly noteworthy

hio the sign convention he devised is that which has ultimately gained almost universal accep-
',i.e in the world of optometry and optometric education. Further reference to Herschel's work
A ill he made in a later section of this chapter,
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Physiological Optics
Bv the end of the 17th century the foundation, (f geometrical optics had heen lirmkl, l id

So, in the main. had those of physiological optics, for which Kepler, Schemer. and Ilut gens A cr.,

largely responsible.
Kepler's I),oporce contains a number of proposiitions relating to the eye and ision. hut h11

main contribution in this field is embodied in an earlier Ireatise. the .,d I ,11'0htwn' pa al0)0 m n a,

published in 1604. In this work, Kepler showed an astonishing grasp of ocular anatomy and ,f

the basic visual processes. Unlike his most distinguished predecessors, he recogni/ed the rctm

as a sensory network and as the intended location of the optical image, which he also kne\ to hc

inverted.
In 1619 ('hristoph Scheiner (1573-1650), an influential member of the Jesuit order, puh-

fished Oculi.%, ho( es: Iundamenm opticum, which is regarded as the first formal treatise in ph -

siological optics. Among Scheiner's many gifts were acute powers of observation and great exper-

imental skill. For example, to test the truth of Kepler's assertion that the retinal image is

inverted, he cut away part of the tissue of various eyes so that the retinal image could he cleark

seen from a back view. Unfortunately. Scheiner's treatise does not appear to have been

translated in full into any living language. As a result he has suffered a lale similar Io

Barrow's-the scope and magnitude of his achievements are generally unappreciated Nexerthe-

less, his name has been perpetuated by one of his inventions, the well-known Schemer disk. In

which two narrowly separated pinholes or slits, placed in front of the pupil, cause a doubling ot

the retinal image when it is out of focus.
Huygens's greatest contribution to physiological optics was in ocular dioptrics. In the ear-

lier part of his Dmopfrque, written by the year 1653, he described what we should now term a
Ireduced eye,' thus anticipating Listing by nearly 200 years. In fact, Huygens's wkas a more
sophisticated optical design. lie assigned to it a refractive index of 4/3, the overall length being

four times the radius of curvature of the single refracting surface. The eye was hence emmetri-
pic. Further, by making the refracting surface concentric with the retina and placing the pupil at
this common center of curvature, ttuygens so arranged matters that narrow parallel petncils enter-
ing the eye from any direction would be accurately focused on the curved retina.

Huygens also gave a cross-sectional diagram of a schematic eye, the only fault in which is
that the cornea was given the profile of a strong converging meniscus lens. Several years later. In
what became the second ('opnplment to his DTopirique. luygens gave a more accurate diagram

with a list of dimensions, based on the dissection of a human eye performed in his presence In
this addendum Huygens makes many acute comments on the structure of the eye. which he held
to be the Supreme Author's most marvelous creation. lie concludes with a brief discussion t

binocular vision, the theory of corresponding points, and physiological diplopia.
There were many others, of course, who contributed to the growth of knowledge and

understanding of visual science at this period, for example the French Jesuit Claude 1)echales
(1621-1678). In 1674 he published a work in four large volumes, his (r.su% eit mi sdt

mathe,atus, which is an astonishing compendium of scientific knowledge, embracing mathemat-
ics, astronomy, physics, civil and military architecture, perspective, navigation, music, pyrotech-
nics, and other subjects. Donders expressed particular admiration for Dechales's discussion ot
myopia, based on his own observations and experiences as a myope. Even without a knowledge
of Latin, a fair idea of Dechales's work can be gleaned from the numerous diagrams, one of
which is reproduced here as Fig. 2-2. It illustrates the action of a small aperture in reducing the

size of the retinal blur circles of an out-of-focus image.
Despite the great progress made during the 17th century, some important sectors remained

in obscurity. Ametropia was conceived as being of only two varieties, myopia and preshyopia,
caused by an excess or deficiency in the power of the crystalline lens. The role of the cornea as a
strong converging element was not generally understood. As late as the turn of the century, bN
which time their authors should have known better, the diagrams in a number of practical
treatises showed parallel pencils of rays passing undeviated through the cornea, as though it were
a plane surface.
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1 ( , 1 )C, 1,1Cl IIU,Ir,iiin (,74) oI h redution in (he' ,ie ol retinal blur circles wkhen i pinhole fis r
I r ill .,I 1h ilt P ll

\lth(iugh )escartes had correctly ascribed accommodation to a change in the curvature of
!hc r~sljlinc lens, illustrating this explanation with a beautiful diagram, this theory was not
~rtv~.~,trall, Acepted luygens originally subscribed to it, though he believed that a forward shift
,,I he ln, I ,is possiblh an auxiliary mechanism. Indeed, later in life he inclined to the view that
',I, 1,icf es,planation as sufticient on its own. On the data then available, no firm conclusion
,,,ld hc rcichCd rhe issue was finall. settled in the 1790s by the classic experiments of Thomas

I lh distinton hetween presbyopia (as we now use the term) and hypermetropia proved
h tiufl 1i, grasp ind remained in obscurity for a very long period of time. It was Frans Cornelis
I,,ndlr, (118119). ,iptl called "the lather of modern refraction," who finally dispelled the
,rifluin in his LLiSSIC v,ork 4(('onoodahom and R('/ia(Ilon /I' the Eve, first published in 1864 in
,n I nighsh I rtnilaion

%s'sesnient of % isual Acuity

% . sual ,icuiti is a complex attribute in which the eye's resolving power plays a major but
* i in exclusi e role Depending on the nature of the test object, other perceptual factors may be
hrugh! into plai, Scientific assessment of visual acuity therefore demands standardized test
hic,.i pr tedures, and viewing conditions (illumination, contrast, etc.), as well as a rationai
' iiit(n or recording it

I he most notable of the earlier experimenters in this field was doubtless Johann Tobias
\Moier 1 -'23-1762). a professor of mathematics at Giottingen and a renowned astronomer. His

ni .:t,ihh earl% death is atttihuted to continual overwork. In addition to gratings of two different
: itern,,. one of the test objects Mayer used was a grid of horizontal and vertical lines. Another
, wc n,, timiliar checkerboard pattern, recently discovered to be a most suitable test object

!,.r pr,,tedures based on visually evoked potentials.
Ia ,er determined the mitimum se'pdrahti' for all four of these test objects, placing a candle

c ttllerent distances so as to \.ar, the illumination. By this means he was able to compile a table Al
w,,,ing the m,'nti mm %eparabil, (which he denoted by S in seconds of arc) for each lest object at

r,us leels of illumination Hie then devised a general expression for each test object, relating
'he \.lue of I to the distance of the candle from the chart. It was a remarkable pioneer effort.

I or clinical use, the chief requirements of a subjective test of visual acuity are that it
, luld he simple to operate and readily understood by the subject. On these grounds the appeal
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of letters ias test objects is easil, understandable. IheN require no explanaionl and are 0 %n 1

to the Subject I he use of letters in a sequence ol si/es seels to ha%.e originated ilh lite,

Kuchler (1811-1873) In 1843 he produced a set of three reading charts. all of the sanic h;-

design Iach one comprised 12 numbered lines of ype in the traditional (Iothi ,ipi -,

employed h (jerman printers. iach line consisted of a single word in Iower-case lp, cXL. T

the initial capital letter. The largest siue was at Ihe op: the indc idual words conanfloCd jli.

more letters as the si/e decreased, in a somewhat irregular progression Kuichler's char mc v

little success, probably because the smallest line of type wias still much too large to pro% ide a r

cal test of visual acuity.
Eleven years later, Eduard von Jaeger (1818-1884), professor of ophthalmology 1t \ len11

produced a set of S hr if-Stahen on somewhat similar lines that rapidl. achiesed the succes, :is

had eluded Ktichler. One reason was doubtless that Jaeger's chart included at least four si/cs ,i

type smaller than Kuichler's, though an exact comparison is difficult because Jaeger cmplo.d

Roman style typeface. Another difference was that in Jaeger's chart the si/es increased trom !1.

top downwards, No. I thus being the smallest. By way of further improvement, Jaeger p(,,I.dcl

two lines of connected reading matter in all sizes up to No. 10 Within a few years, ,ersi.ns ,i

Jaeger's chart had been published in many languages and alphabets, including Greek. llchr,

and Russian. It is still widely used today for assessing near visual acuity. One defect is that the

progression of sizes is based on availability and not on an orderly system. For this reason, the

notation Jl, J2, J3, J4, etc., used for record purposes has no significance beyond a method of

labeling.
The now familiar letter chart for testing distance visual acuity was introduced by hlerman

Snellen (1834-1908) in 1862. Snellen was a junior colleague of Donders, who was then professo

of ophthalmology at Utrecht. It was Donders who propounded the idea that the line widths and

spaces of the individual test letters should be related to a visual angle of one minute of arc
Donders also suggested the method of recording acuity which later became known as the Snellen
fraction. In this notation, the visual acuity or su.% ]I is expressed as

V = diD

in which d is the testing distance and D the distance at which the height of the smallest discernihtc

line of letters subtends 5 minutes of arc.
Snellen's own contribution was still a considerable one. His complete set of 'optot.pcs

included near vision as well as distance charts printed in black on white, white on black, and in

several different colors. There was also a chart presenting various arrangements of parallel lines
to facilitate the testing of astigir1atic subjects. In 1866 a chart of geometrical figures for testing
illiterates was added, and in 1873 Snellen produced the well-known 'Illiterate E' chart which is
still widely used. The typeface used by Snellen as a model for his letters was characterized h.
heavy ornamental cross strokes, or 'serifs.' Although this style retained its popularity for a great
many years, there now seems to be a general preference for nonserif letters.

Following the Meter Convention of 1875, which established the metric system in some

forty countries, Snellen adapted his distance types to a testing distance of 6 meters. Hitherto he
had taken 20 (Paris) feet as the standard distance. (One Paris foot is approximately equal to

1.066 Anglo-American feet.)
The original progression of letter sizes seems to have been chosen by Snellen empiricalk.

his distance chart provided the following seven lines: 20/20, 20/30, 20/40, 20/50, 20/70, 201100.
and 20/200. Considered as a whole, this series of D-values approximates roughly to a geometrical
progression in which the seventh term is ten times the first term; the constant ratio (of each term
to the preceding one) is thus %vf_0 or approximately 1.47.

After the appearance of Snellen's optotypes, which received a general welcome, sugges-
tions for modifications and improvements came in from all quarters. In particular, the French
ophthalmologist Ferdinand Monoyer (1836-1912) produced a chart in 1875 which is still used as a
model in some European countries. It incorporated four important modifications. First.
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eI sed n10nSCrIf I0cPct 0I x 4 const ruetionl IS units in height and 4 units in width).
sNOl Il Ire n'iodCed ss hat might he termied the dcimal-I I notaition in which, for examlple. V

ii.- %ilf he Used InI plice of 201180) or 0124. third, hie chose at progr-ession (if' sizes ranging
ii-i,, I -I iniiniersals of' 01 I This %its a radical departure f'rom Snellen's quasi-

c: i i ipro gressio n of si/es Ilinalk. Monoyer designed his chart f'or it testing distance of' 5

I I 01 a sc:Ientific poit of %le%. letters have several disadvantages as test objects. In 1899
1, s, 55phthalinotligist Id(niotid Ilandolt ( 1846-1926) introduced his 'broken ring' or 'C' test,

'01-h ,meIS IIMao (it' thle objectiions levelled at letters. It comes ats no surprise thatl it has
'I 'Idt 11d I r m1,in', particular uses and has gained some acceptance in everyday optometric

B% ihc t urii f the CCMnUry-, so mail% different versions (if' the Snellen chart had been pro-
hri~ ii had list ill semblance oi'i a standard test f'rom which comparable results could be

'c d \, the I nigl ish ophthalmologist I lay- N~ %r'ly remarked, the amount oif compensation for
., t iwn a",irded to a claiimant In a lawsuit for damages might well depend on which of' the

,fli, ire espert " itesses the judge esteemed to be the '"best liar.'"
I tmfdt', hro ken rings lii eight different iirientation.,,, supplemented by the tnumerals 0,

-I id -. ti rlledL the bhisis ()t thle first distance test chart to become an official statndard. It was
ri1 tdi pied Is such h% the I Iectit h International Ophthalmological Congress held in 1909.

ihc ante I dead letter knfortunatlek. the design of* test charts is one of' those subjects tin
. hcrc are ,ililot 51, as1m,11n opinions as, there are practitioners. over the years. the style and

1insm it thec iipelace. the selection iif letters. the progression of sizes, the testing distance,
* r ii,tati, n to he emplos ed hasc i ll gi\sen rise to acute controversy. For a detailed account

'ts irgUnICeItS the interested reaider is ref'erred to an earlier paper by Bennett (1I965a). A
- ~ttentpt is tii% being made through the International Federation of Ophthalmological

r it I ,( rlite1 .a nlC statidard chart acceptable to the majority of its members.
li], %ies i,f this paist histir '-N the publication in 1968 of the British Standard BS 4274 for

w,, c tst ,h,irts can be tiled ,s an itchie vetientI because the committee responsible for its for- -

li'l i- represented not oni ophthalmologists hut also optometrists and dispensing opticians, as
ma I n~nufacturers *\ (Pernian Standard. D)IN 58 220, has since been published, giving details

i Ji,n~c test :hairt cimpoised of Landolt rings in eight different orientations. Levels of illumi-
inil -i stanidard plrocedure to be fotllowed %hen using the chart are also specified.

IfIns ,fisk USSIn has so far been confined to subjective tests of' visual acuity. Objective
nir,,, uch mire recent origin and are the subject of' ('hap. 7.

Ht'yinn ings of Suhjectihe Refraction
I he ideai of ,i subtectixe test, ats distinct from trying on various ready-made spectacles with
t equail potser, is implicit in the 'ptlsphercal lenses' invented by a German monk,

tin lab /in 1641-1 7(07 Theo are described in the third volunme (if his Ocius arnficialis
J ,pf r, siiItIt %( i' published in A ur,'burg during 1 685 and 1686.
/ahn s wo~rk is, if Atic scope, dealing mith optics and optical instruments from a practical

is A cil is -I the, ret icai standpo i In addition to his iither abilities, Zahn was evidently a skilled
cmn n) iker. he described ,i grinding machine of his tiwn coinstructio~n. An Fngfish translation by
licrrci. iogeil-er witth a commentar . of the chapter devoted to spectacles appeared in 1968.

1 hc modern reader cannott faitl to be Mtruck by Zahn's clinical sense. Though paying them
-cccc.he %ill bave noithtng to do with the meager range of standard foci compiled by Sirturus

'i 'ther %rilers As he remarked, it is best noit to lit the eyes to the lenses but the lenses to the
sle had t(iken note of a statement by IDecbales that anisometropia is possible and confirmed
ruth h% his ttmn tibsersations

Though warning against the premature use of spectacles and of corrections stronger than
'k:fr./ahn ditf not shrink from high powers when necessary. lie mentions a case in which be
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prescribed -26 diopters (in our notation). One of the methods outlined by Zahn for testing
myope was to find the far point distance and make a lens of the same focal length

Zahn was fully aware of the importance of correct centration, as shown by the following

brief passage:
When two lenses are combined fin a pair of spectaclesl care must be taken that they do not cause

object to appear doubled, as occurs if they are not in the correct relative position, the frame should thereltw
he so adjusted that the lenses remain in their correct relationship with each other and do not, through carcl ,
fitting, impose a disagreeable burden on the sight and thus do more harm than good

Figure 2-3 is reproduced from a handmade copy of Zahn's own illustration of his polys
pherical lens, which might be styled the world's earliest and most compact refracting unit The
plus version was plano-convex in form and the minus version plano-concave. Each was made
from a single piece of glass, the various concentric zones had different curvatures. Essentially the
same technique is employed to produce 'upcurve' one-piece bifocals In a concave polyspherical.
the central circular portion necessarily has the steepest curvature, whereas in the convex it has the
shallowest. Each lens provided a range of six different powers that could be brought in succession
in front of the pupil: the width of the zones was just sufficient for this purpose.

It is clear that Zahn would not have been content with just one plus and one minus pol,-
spherical but ht: gives no details of the foci he employed. fie left it to any interested reader lo
draw up his own specifications.

It seems strange that over 150 years were still to elapse before the trial case appeared in its
modern form. After the rapid advances of the 17th century, the impetus waned. From the stand-
point of optometry the 18th century was a quiet one and no significant advances were made until
it was nearing its end.

FIG 2-3 Johann Zahn's "polyspherical lens* used as a refracting unit 11685-861

Astigmatism
As I have remarked elsewhere, astigmatism was a British invention and remained practt-

cally a British monopoly for nearly 150 years.
An astigmatic surface is one in which the curvature varies from a minimum in one princi-

pal meridian to a maximum in another perpendicular to it, It does not possess axial symmetry
Astigmatic pencils may be divided into two main classes: those produced at normal

incidence by an astigmatic (e.g., cylindrical or toroidal) refracting surface, and those produced at
oblique incidence by a plane or spherical surface. The latter variety retains the essential features
of the former, but in a more complex form arising from the lower degree of symmetry,
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The geometry of an astigmatic pencil can be adequately visualized only as a
three-dimensional construction. As long as consideration was restricted to rays in the plane of a
dijgram. the possibility of astigmatism could hardly have been imagined. It took the genius of
I,aac Newton (1643-1727) to divine the existence of astigmatic imagery, though it was only astig-
mdtism due to oblique incidence about which he wrote.

In his Leciones XMIII, Barrov. had given an elegant and correct expression for conjugate
too in the tangential (plane of diagram) section of a narrow obliquely refracted pencil. Newton
,upphied a graphical solution and added another for the sagittal section as well. He also touched
,,it the problem of which cross section of an astigmatic pencil entering an eye would tend to be
io, used on the retina Somewhat diffidently, he suggested an answer in a geometrical formulation
which Bennett ( 1961) has shown to define the plane of the circle of least confusion.

Newton's writings on oblique astigmatism and other topics of geometrical optics are to be
ound in his Optical Lectures. These lectures had been delivered in Cambridge during 1669 but

were not published until 1728, shortly after his death. In comparison with his Opucks. Newton's
o)pti,,a Lectiures are virtually unknown. As a result, a number of beautiful graphical constructions
thit ought to have passed into general currency have been allowed to pass into oblivion. It was
the late of even the greatest of Newton's contemporaries to be overshadowed by him. In respect

his Optal Lctures. Newton appears to have overshadowed himself.
It was Thomas Young (1773-1829) who picked up the threads left by Newton, similarly

,,,rining his published work to oblique astigmatism. Nowhere in Young's various writings on
pti,s does he deal with refraction by cyltndrical or other astigmatic surfaces. Nevertheless, he

made :onsiderable advances In his Bakerian Lecture, Young gave the first description of an
.,iigmdaic pencil formed by oblique refraction. The diagram is not a schematic one but shows
.\cr o sign of having been drawn from observation. The approximate focal lines and the circle of
.,,N, ()nfusion (termed by Young the 'circle of least aberration') are clearly shown. in addition,

'4c equations given by Young correctly locate the circle of least confusion dioptrically (as distinct
i,.n geometrically) midway between the two focal lines.

Another of Young's contributions was a remarkable graphical construction that deserves to
"c hetter known Consider the chief ray of a narrow pencil obliquely incident on a refracting sur-
iC rhe following propositions are true for the sagittal and tangential meridians separately.
r,, t(, esery point on the incident ray path, considered as an object point, there corresponds a

,nique image point on the refracted ray path and vice versa. In technical terms, the ranges of
' ItC and Image points constitute a one-to-one correspondence. Second, the point of incidence,

,1'ih is :ommon to both the incident and refracted ray paths, is self-conjugate. It then follows
'-,m a theorem in projective geometry that a straight line drawn from any object point to its con-
.,te image point must pass through a fixed point termed the 'center of perspective.' Conse-

,jentl once this latter point has been located, we can find an image point by drawing a single
,trdlghi line from the object point. For imagery in the sagittal plane, the center of perspective is

-.,,,hown to be the center of curvature of the surface. To find the center of perspective for
'i tingential ,ection is a more formidable problem. Young solved it by means of a graphical
,.,nstrution which, though simple, is puzzling because it seems devoid of any optical rationale. It
eids its secret only when approached from the standpoint of projective geometry (Bennett 1970).

Above all, Young made an especially valuable contribution to the study of astigmatism by
,lating it to the eye. First, he calculated the oblique astigmatism of the eye itself, plotting what
*,e would now term the sagittal and tangential image shells after refraction at each surface. This
Procedure led him to the correct conclusion that the final image shells would normally straddle the
renma, the curvature of which is therefore ideal from this standpoint. Second, in the course of
!he experiments described in his Bakerian Lecture he discovered that one of his own eyes was
.m'tgmatic. his optometer revealing a refractive error in the neighborhood of

-4.001-1.75 ax. 90

25



Since a further experiment with the same eye immersed in water showed no change I

astigmatism, Young concluded that it must be due to a tilt in the crystalline lens lie ren.,

that in his case an adequate correction could be obtained by tilting the spectacle lens Ihis A,t,

expedient not unknown to the opticians of his day-an empirical remedy for a then m t,.,

condition.
It is well known that George Biddell Airy (1801-1892), who later in life h cekai

Astronomer Royal, was the first person to correct astigmatism with a sphero-c hndrikai

Having discovered his own left eye to be strongly astigmatic as well as myopic, he calhul, ,

necessary radii of curvature and had a correcting lens specially made In our modern noti ,r-, .

power would be approximately

-6.251-4.62 ax. 35

Airy gave an account of this historic step forward to the Cambridge Philosophical ,,..
in 1825, but the volume containing his lecture did not appear until 1827

Whether or not Airy was acquainted with Young's prior discovery of ocular astigmatism
open to conjecture, but there is certainly no doubt as to his outstanding mathematical skill WV:.

William Hyde Wollaston (1766-1828) introduced his patented 'periscopic' lenses in 1804 t
frankly admitted that he was unable to produce a rigorous theory to account for their superir, ,
In another paper published in 1830, Airy solved this problem and derived a mathematical ex'r ,
sion showing the form in which a spectacle lens should be made in order to be free from obh4,.
astigmatism. I have recently shown (Bennett 1965b) that this expression is mathematicall idenr
cal (despite the different parameters and line of approach) with the formula deduced man, .,'

later by Tscherning (1904)-the basis of the well-known 'Tscherning Ellipses' Air ,'s purl,.
work in this field bore no fruit because it was too far in advance of its time

Following Airy's pioneer effort in the correction of astigmatism, interest in the subteLI gr
dually spread. The French ophthalmologist Louis Emile Javal (1839-19071 became partiul,!,
interested and has left us a valuable review (Javal 1866) of the earlier researches and pubhliLar,'
in this field.

So interesting and important a development could not possibly have failed to attract

attention of Donders. It was largely through his book on Astignaiism and (i'ldrual Len' pul
lished in 1862 in Dutch, French, and German, that testing for astigmatism became an esenti.
part of routine refraction.

After the basic principles had been established, progress was concentrated on finding
improved methods and techniques for clinical use. One valuable device was the variable cylinder
or 'Stokes lens,' named after its inventor Sir George Gabriel Stokes (1819-1903) Stokes was an
Irish mathematician and physicist of great distinction, the discoverer of the phenomenon oI

fluorescence.
The original Stokes lens (Stokes 1849) was a combination of two piano-cylinders of equal

and opposite power, one rotatable with respect to the other. When a Stokes lens is adjusted to
give a desired cylinder power C, an unintended but unavoidable element of spherical power equal
to -(02 is also produced. This was originally considered a drawback but it it exactly what i'
required when cross-cylinder techniques are employed. The value of the Stokes lens as an aid 1to
refraction was realized by Donders, Javal, and many others. A specially designed version of it

was exhibited by Dennett in the USA in 1885, and another version designed as a trial-case acce,
sory similar to the Risley prism was patented by De Zeng in 1908. We are also indebted to Stoke%
for the first mathematical analysis of obliquely crossed cylinders (1883). As he himself hinted
and as Ed2ward Jackson (1886) and others later showed in detail, the equations lend themselves to
a simple geometrical solution on which the well-known parallelogram construction with doubled
angles is based.

Much thought has been expended on the design of charts for the detection of astigmatism
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-ct fits meridians. Sr in included seseral such chalt,, in his itiimpleie etof
\ ll'irliLularh valuable cor bution was made h.y the St I ouis ophthalmologist John

i, )l 1i AhO had spent a sh, time in Donders's chiko In d paper delivered in l17
,j notewer than 26 different 'igmatic cwiirts The malority were of his iiwn design

.1 , three first published in 1866 had received, as he himself piut 1(. ad wide cicula
i tc ,ter Tharts, which Green aitributed to Noies. foreshado%4% what Iler became

Maddi's \ Interest in the design of' Asiigmatili :haris did not become exhausted
flics Su~h is %erhoeT. Maddox. l-riedenwald. ind Rauhitsc:hek would figure prom-

il-tailed res ew of this topic
* *~ iih the assistani.e of) Schiolt, launched the first ketdalometer for clinical use

ic fluniiert ads wekIomed as in aid to the determination of' astigmatism It was
!hit nt he k.eratometer findings would] have ti, he treated with some reserve

* . the i~ etited .I, a reliable indi..atioin (I the itjal orneal astigmatism. they siill
I C11o i~r U iinist atisi Mi rei ser th licens cv e separatiin introduces cylinder

os speiall vhto a s!ring spherii~al LrrCL1ii1 IS also needed
'A "es risideiati i, iti mind Ja al made i st uds of case re~ords to see if there was

iishv hrwee the oirnedl astigmatism 4 as resealed by the keratometer
uindcr .t und Os tefrtiiln Bs adopting the ciinsention that positive

lc eInJ negative agaiinst the rule astigmi-lsm, we can express the relationship
~iiwn s Jiv s rule -hy the equatioin

( - 1 2S 4 01 '

isig rrimed 1t cery Similar relationships. thus confirming the validity of

d ie~hniques of refralin ittevitablv led to the decline of the keratometer as a
,cIns* determining astigmatism [he most niitable dvance in this field was doubtless

htite irs-ln e tehnique by V~dward Jackson 1 1856-1942) His first published
-! was made in a paper 'Jackson 1 887) devoted iii a description of a small-aperture

CeI *ht~h he had designed rhe riiss cylinder was mentioned. almost in passing, as an
, , hec used in finding or c:hecking the cylinder power required. Twenty years elapsed

4,i reali/ed thai the aiss cylinder cadn also be used to refine the cylinder axis. It is
i.i javlkson nimself was the first to make this discovery Today, the cross-cylinder tech-
;'r babilv the most widely, used Ot all in routine subjective refraction.

In mans refractor heads the cross cylinder is mounted so far from the subject's eye that
, i-n effect.. and scissors distortion may become disturbing and impair the sensitivity of

I." mooditied form of the cross cylinder, termed 'homokonic,' designed to overcome these
, 'I" , K has be-en described by Hlaynes I 1958)

Ihue Subjective Optomneter
urreni subjeciive refraction techniques require the use of a distant test object and a large

rici f- lenses to form an image of it in the far-point plane of any given subject. An earlier
-4cmeni was it) use a near test object and vary its distance from a fixed lens to position the

riic fi the desired location This is the principle of the simple optometer, Since only one lens
I-'N4Ured it may be thought appropriate that a Scottish physician, William Porterfield Id. 1768).

A. , .irsbefor the introduction of the instrument as well as for its name. In fact the optom-
_..-- is des~ribed by Porterfield in his T'eatise on the Eye (1759) did not even require a single lens.

lTc',st'n~e it was d device for locating the far point of a myopic eye by means of a movable test
hieM a~ %ertical line), a Schemer disk with two vertical slits was employed as a criterion of focus-

t Ihe main substance of Porterfield's Treatise was contained in an earlier "Essay concerning
-re nmti,)n% of our eyes," which had appeared in two parts in Volumes Ill and IV, respectively.
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of a compilation entitled Medical Essays and Observations. Several editions of this work, published

by A Society in Edinburgh, appeared from 1737 onwards but Porterfield's Essay contains nothing

on the subject of his optometer that is not to be found in the later Treatise.

Porterfield's optometer was greatly improved by Thomas Young, who retained the

Scheiner slits as an essential feature. The test object was replaced by a line engraved centradl,

along the length of the optometer bar. Viewed through the slits it would appear in the form of an

elongated letter X; the perceived point of intersection of the two oblique lines was free from dou-

bling and hence conjugate with the retina. To deal with hypermetropia he made the instrument

reversible and added a + 10 D lens at one end, providing various scales by which a direct reading

could be obtained in terms of the code number (according to a system then in use) of the
appropriate spectacle lens.

Young's optometer was described in his famous Bakerian Lecture to the Royal Society
delivered in 1800 (Young 1801). With characteristic insight he pointed out that involuntary
accommodation would often affect the result and suggested that "a power two or three degrees
(intervals) lower than that which is thus ascertained will be found sufficient for ordinary pur-
poses." Young also recommended that the eye not under test should not be closed but merey
occluded.

A fascinating account of the use of a Young's optometer was given by J. Isaac Hawkins
(1826), an English engineer. He had decided that he needed trifocals and must test his own eyes
Accordingly, he built himself an optometer from Young's description of his own model, using
printed music staves as a test object so that he could detect the presence of astigmatism. By this
simple means, Hawkins arrived at a distance prescription which in our notation, suitably rounded
off, would be

R + 1.62/-0.62xV

L + 1.25/-0.12xH
He then designed, and had made by a somewhat reluctant optician, a pair of trifocals of

Franklin construction, each portion accurately centered and independently angled so as to be
approximately normal to the line of sight. Hawkins's name is fairly well known as the originator
of trifocals, but his remarkable feat of self-refraction and numerous shrewd comments deserve
much wider recognition than they have hitherto received. It is possible that Hawkins was not
even acquainted with Airy's work on the subject, which had not then been published.

In 1876, by which time the trial case was in common use, the optometer was further
improved by the French ophthalmologist Jules Badal (1840-1929). He moved the lens forward so
that its second principal focus coincided with the spectacle point, approximately at the eye's ante-
rior focal point. In this setting the optometer is positioned to record the spectacle refraction.

Two considerable advantages are afforded by the Badal system. First, the power scale of
the instrument becomes linear. Second, the apparent size of the image of the test object remains
very nearly constant whatever the subject's refractive error.

Badal used a + 16.00 D lens, for which power the necessary travel of the test object is very
nearly 4 mm per diopter. The optometer scale gave readings in this then very new unit of lens
power, its range being from + 15 to -20 D. A stenopaeic slit was incorporated in the eyepiece for
use in cases of astigmatism. One of the test objects used in this optometer was a photographic
reproduction of one of Snellen's optotypes, which made it possible to use the instrument also for
visual acuity determination.

A few useful improvements were later introduced by Parent (1879), one of the pioneers of
retinoscopy. He added a diaphragm in the eyepiece to sharpen the image formed by the + 16 D
lens, and a more suitable test object for dealing with astigmatic eyes. To reduce the stimulus to
accommodation, Parent also constructed a binocular model.

Towards the end of the 19th century, subjective optometers were greatly in vogue and
numerous different designs were put forward. There was even a suggestion that the trial case
might become obsolete. In fact, it is the simple optometer which has been rendered obsolete
(except for domiciliary use) by refinements in refraction routines employing trial lenses.

Nevertheless, the Badal principle retains its importance and has been utilized in the design

of more sophisticated objective instruments.
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(except for domiciliary use) by refinements in refraction routines employing trial lenses.
Nevertheless, the Badal principle retains its importance and has been utilized in the design

of more sophisticated objective instruments.

The Ophthalmic Trial Case

Although the transition from a range of trial spectacles to a set of individual trial lenses is
d simple one technically, it marks an important advance in the development of optometry.
Broadly speaking, it reflects the transition from selection to prescribing.

The basic idea seems to have occured independently to a number of practitioners during
the first part of the 19th century. Priority is generally given to the German physician, G.T.C.
F-ronmuller (1843), who published a detailed description of the trial case he had designed for his
own use. It was in this article that he uttered his famous denunciation of bifocals as "a certain
means of ruining even the best of eyes." Our amusement at this dictum should perhaps be tem-
pered by the reflection that some degree of caution is no bad thing in a medical man.

Writing in a Soviet ophthalmological journal, Xagil'nitsky (1956) recently claimed priority

on behalf of Professor I Grubi, who had designed a trial case for use at the St. Petersburg
Academy of Military Medicine as early as 1830. Even this claim can be disputed, because a
description of a trial lens set and an adjustable trial frame is given in a highly interesting paper
published by Du Bois (1826) in a Prussian technical journal.

Subsequent developments in the design of trial case lenses are reviewed in detail in Chap.
3 The evolution of the refracting unit is also traced in that chapter.

Spectacle Lens Numbering and Measurement
Through the centuries, many lens-numbering systems have been used, some arbitrary and

others related to a measurable quantity such as focal tength or radius of curvature. The focal

length has the advantage that it can be measured directly in the simplest possible way, at least in
the case of converging lenses. On the other hand, the concept of lens power-the ideal basis for a
lens-numbering system-is almost intuitive and the reciprocal relationship of lens power to focal

length is not difficult to perceive.
It is therefore not surprising that a lens-numbering system based essentially on power was

described as early as 1623, in the first book devoted to spectacles, Uso de los antojos (The Use of
Spectacles). Its author, Benito Daza de Vald6s (1591-1634), was a notary attached to the Holy
Office. The original work, published in Seville, is exceedingly rare, but a French translation, first

printed in 1627, was republished by Albertotti in 1892. This made the work more widely accessi-
hle Then, to mark its tercentenary, a facsimile of the original Spanish edition was published in

Madrid under the editorship of Manuel Mirquez in 1923.
According to the system described by de Valds, the strength of a lens in grados (literally,

degrees) was defined by a number denoting the reciprocal of its focal length measured in varas.

i The vara was a Spanish unit of length, now obsolete, equivalent as far as one can tell to
1) 83-085 meter.) In round figures, the power of a lens in grados would be 1.2 times its power in

diopters
A feature of exceptional interest in this book is the description of a simple means of

measuring the power of a lens. It is highly probable, as von Rohr (1918) has suggested, that de
Valdds did not invent the method himself but obtained it from an Italian source. A flourishing
glass and spectacle-lens industry had already been established for some centuries on the island of
Murano in the Venetian lagoon. Whatever the truth of the matter, it is to de Valdds that our

thanks are due for having placed the method on record.
It requires the use of a number of specially prepared charts, one of which, intended for

minus lenses of power 2 to 10 grados. is reproduced as Fig. 2-4.
Having placed his eye at the specified viewing distance-two-thirds of a yara (approxi-

mately 56 cm)-the examiner holds the lens to be measured over the right-hand circle marked L.

lie then withdraws the lens towards his eye until the image of the circle seen through the lens
appears of the same size as the left-hand circle S viewed directly. The distance of the lens from
the circle is then measured; the scale reading at this distance from the center of the star marking
the iero point gives the power of the lens in grados. This method is optically sound. Let
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p - (positive) distance in mm from test object to viewing point
q = (positive) distance from test object to lens when in position of equality
k = ratio of diameter of circle L (viewed through the lens) to that of circle S

directly
I = power of lens in diopters
Then it can be shown that

q = (p 2 ) - {(p 2/ 4 ) + [1000p(k- 1)/[])-I/2
The distance q should be measured to the first principal point of the lens. The vewmg

distance is not critical.
Since the laws of conjugate foci were not known when de Vald&s's book appeared. the

scales could only have been calibrated empirically; but calculation shows that the graduations are.
on the whole, remarkably accurate. The complete set of scales permits measurement of both plus
and minus lenses up to a power of 30 grados.

@ 0
1.o

-7

FIG. 2-4. One of a set of scales used by Daza de Vald~s (1623) for the measurement of lens powers tAbout
four-fifths of original size.)
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the method could easily be embodied in a simple piece of apparatus in which the lens is
,iuntcd on a sliding carriage, which would permit a direct reading. Various other refinements

s.'iIh ,ugget themseles
After this earl, manifestation, (he notion of a numbering system based on power did not

cmergc until the 191h century A firm theoretical basis was then laid by J.F.W. Herschel
I92 I I) In the article on 'Light' which he contributed in 1827 to Vol. IV of the Encyclo-

.',d, thIf,,,, a masterly exposition of both physical and geometrical optics, he developed
j: iti.r in the hais oif' power, curvature (reciprocal of radius of curvature), and what he called
; it, IDefeined as the reciprocal of the distance of one point from another, this term is the

.~,~, ihoflnt our modern 'vergence.' Herschel derived the law of conjugate foci in the form

hih ,orresponds to our A
L L + F

Ilcrs,,,hels expression for the 'ack vertex power of a thick lens would be recognizable almost on
,ght h a present-day student of optometry.

B) the lime I)onders's classic work appeared in 1864, the world's leading ophthalmologists
,,.e read, to adopt a power numbering of spectacle lenses, but they seriously disagreed about the
;it 'I power Javal and others favored a lens of 240 cm focal length as the basis of numbering,
i roposal that commanded a great deal of support at one time. However, it was vigorously
,* ,,,-,cd by Albrecht Nagel (1833-1895) and Monoyer, who advocated the meter as the unit of
',. length and its reciprocal as the measure of power. Writing in Annales d'Ocubsuque, Monoyer
i ('2) addressed a pe, sonal appeal to his compatriot Javal of such eloquence and cogency that
J tu .,hanged his mind. Donders, too, was persuaded. It is altogether appropriate that our
;,rcent lens-numbering system was formally adopted in 1875, the year in which the Meter Con-
1-- in t)ok place The name given to the new unit of lens power, the 'dioptrie,' had been sug-
¢ .,th b Monover a few years previously.

Adoption of the dioptric system of lens numbering did not completely solve the problem.
V ihat time the 'power' of a lens would be generally understood to mean its equivalent power,
C reciprocal of the equivalent focal length in meters. Unfortunately, the equivalent focal length
meas.ured from a theoretical axial point which is not easy to locate. Apart from this practical

,rivtin. it is now self-evident that the back vertex power is the really significant quantity 41

hc ,-usc, taken in conjunction with the vertex distance, it completely determines the effective
n,,wer of any lens at the eye (in distance vision).

[o the best of my knowledge, it was Badal (1883) who first advocated the back vertex
;,wer as the most convenient and logical basis for spectacle lens numbering. Some five years ear-
i:r. in 1878, Badal had described a simple lens measuring instrument-the Badal phakometer-
i,)r recording the back vertex power. As with the modern focimeter, the back vertex of the lens
nder test was placed at the anterior focal point of a built-in lens. The power scale thus became

line ir and the image seen by the examiner remained of constant apparent size, whatever the
,-wer of the lens under test. In essence, the optical system of Badal's phakometer is that of the

mi)dern focimeter with the light path reversed. Contrary to popular belief, the modern focimeter
,4,1, not the work of Carl Zeiss of Jena. Its original inventor appears to have been C. J. Troppman
4, (hi go. who was granted U.S. patent No. 1 083 309 in 1914. Nevertheless, it is to the Carl
/ei,s concern and their scientific director, Moritz von Rohr (1868-1940), that .;e are indebted for V
,he tirst reahization of back vertex numbering by a large manufacturer. Theit _omputed series of
K.itral and Punktal lenses, introduced shortly before 1914, were all made to a back vertex
• ,unbering which eventually became an internationally accepted system.

Incidentally, in the same article in which he advocated a back vertex numbering, Badal dis-
.j,,ed the question of spectacle magnification, taking the form and thickness of the lens into

,. Junt His conclusions are entirely in line with the modern presentation of the subject, apart
k.-m the fact that he took the eye's nodal point instead of the center of the entrance pupil as his
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point ol reference Badal correvls jialy.ed spectacle nagnification as hle product of i o ,j

ponellnts which we low tern the 'power lactor and the 'shape lactor Moreover. his expres .

for these two factors are essenliall, in the form in which the are presented in currentr ,h,,.,

In all. Badal's contributions to oplometr, seem to hie missed the recognition the, descr.

Objective Methods of Refraction

An objective method of refraction is one in which the examiner substitutes his own

ions for the patient's. This classic definition is largely true if the earlier methoids n A hi ,

skill, experience, and judgment of the practitmner play a decisive role

Skiascopy-or retinoscopy, ais it is invariably termed in (ireat lBritam and certain ,,,

countries-is the oldest and still, perhaps, the mist widely practiced method ol iihjectic ict r,

tion It was an offshoot from ophthalmoscopy Sir William Bowman (1859) described hioA ,.-
utilized the shadow movements produced by rotating his ophthalmoscope mirror to detex ,

degrees of keratoconus. As later reported by Donders, Bowman used the same techniquc 1,

detect the presence of astigmatism and to locate its principal meridians At that time. BoxAmin

was an ophthalmic surgeon at the Royal London Ophthalmic Hospital, later to become knoxn
Moorfields Eye lospital.

However, it is to Ferdinand Cuignet (d. 1889), a French ophthalmologist. that wc jr2
indebted for rediscovering the technique and developing it into an objective method of relraoitn
fie termed it keratoscopie-a name which, like several others coined by later writers. hetra ,
certain misconception as to the true nature of the pupillary reflex. Cuignet expounded his nec
technique of refraction in a series of papers in Rectued d'Olhtalmoogic'. the first in 1873 The%
were difficult to follow and it was largely through the efforts of Cuignet's junior colleague Mengin
that the leading French ophthalmologists of the day were induced to study the new technique
Thanks to the work of Mengin, Chibret, and especially Parent and Landolt, skiascopy was quicklk
placed on a firm theoretical basis.

Candles or oil lamps were the original sources of illumination. The first self-lummous
instrument was shown at Heidelberg by Hugo Wolff (1896). but the simple pierced mirror, plane
or concave, persisted for many decades.

Several important variants of the original method have established themseles from tnme
to time. Streak skiascopy was another innovation by Wolff, who demonstrated the instrument hc
had designed for this purpose at the Heidelberg meeting of 1900. In the USA. interest In 11C
technique was re-awakened by Jacob Copeland (1927), the designer of a streak sklascope

Dynamic skiascopy was the creation of Andrew Jay Cross (1855-1925), an American
optometrist and university lecturer. The method was described in his first book, published it
1903, but a more authoritative exposition is to be found in a later work that appeared in 1911
The year previously, Cross had obtained a U.S. patent (No. 978 276) for the dynamic skiascope
illustrated in Fig. 2-5. It incorporates two fixation targets, one in front of and the other behind
the plane of the mirror. Incidentally, the technique of asking the patient to "count the dots" is
not of recent origin, as I had at first supposed, but was originated by Cross himself. In fact, Cross
suggested the further stratagem of disputing the patient's count so as to maximize his attention

Another interesting variant attributed to Strampelli and before him to Gullstrand was
taken up and described in more detail by Rosengren (1948). In this method, a direct ophthalmo-
scope is employed to send light into the patient's eye, with the axis of illumination slightly dis-
placed from the axis of observation. The mirror is not rotated. In the 'reversal' condition, the
subject's pupil appears to be uniformly illuminated but the presence of only a small amount of
ametropia will displace the reflex, so that a shadow appears in one part of the pupil.

A more recent development, "cylinder dioptometry," was described in 1970 by its origina-
tor, Dr. Nathan Ben-Tovim, of Tel-Aviv. The new technique, which is claimed to be extremely
sensitive, requires the construction of a special piece of apparatus which is, however, not unduly
complicated.

Other objective methods of the nonautomated type under discussion are embodied in the

various forms of the optometer described in Chap. 3.
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FIG 2-5. The dynamic skiascope patented in 1910 by A. J. Cross.

Automated Refraction
An objective optometer can be considered as automated when the operator's role is merely

to insure that the patient does what he is told. Such an instrument is doubly objective, inasmuch
as neither the operator's nor the patient's judgment is called into play.

Possibly the first instrument to satisfy these criteria was the "electronic refractionometer"
patented by Geoffrey Collins (1939), an English optometrist, and described in a paper he pub-
lished in 1937 A prototype exhibited in London at that time aroused great interest. Unfor-
tunately, further development was stopped by the outbreak of war in 1939 and was never
resumed. Nonetheless, in many of its essential features, including the use of an infrared light
source, the Collins instrument anticipated several of the objective optometers developed in the
postwar period.

Some degree of automation may be applied to subjective refraction as well. In general, an
ophthalmic prescription contains three elements-sphere, cylinder, and axis direction-so that it
should theoretically be possible to deduce the prescription from no more than three relevant
pieces of information. For example, the refractive state of the eye could be examined in three
arbitrarily selected meridians, by means of only spherical lenses. Under the stimulus of a short
but thought-provoking paper by Westheimer (1957), Bennett (1960) expounded a possible basis
for such a technique.

In brief, the patient views a distant line through a Scheiner disk with the orientation of the
holes perpendicular to the line. If doubling is perceived, it is eliminated by suitable adjustment of
a device that produces continuously variable spherical power. This maneuver is carried out in
three different meridians; the simplest set to handle mathematically is vertical, horizontal, and
45 , in any order. If the three spherical powers recorded in these meridians are denoted respec-
tively by V, H. and M, it was shown that the prescription was deducible from the following

sequence of equations: .,
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Axis direction (0) = 05 arc tan 2M - (H + [)

Cylinder power (()
- cos 20

H + I,- (Sphere power (S) H 2

Two special cases, in which at least one of the above expressions becomes ndeicrminii,
require attention. First, if the ametropia is purely spherical we have I - V - W - S

Second, ift 1 - V = 0, then H - 450 , (- 2(H -l), and S - M,
Another method of dispensing with rotatable cylinders, which has several ads,,ntagc,

including that of utilizing the full pupil, is incorporated in the Humphrey Vision Analy/er W,4
210 and is described in various patents (Humphrey 1974, 1975, and 1976). In brief, the Lc.lindr.
cal correction required is supplied by two variable-power astigmatic lens units, each separtek
adjustable so as to produce the effect of a Stokes lens or cross cylinder of any desired pocr Inr
such a lens, the powers along the two principal meridians are equal but opposite in sign ,nd 0%
mean is thus zero.

The two astigmatic units are mounted close together in fixed orientations One ha, 1t, pu,
and minus axes at 0' and 900 (or vice versa) and the other at 450 and 135' (or vice %erai It
may be shown mathematically that in any state of adjustment the combination is opttalix
equivalent to a single cross cylinder, the power and orientation of which are determined solel.t h%
the strengths of the two components. A third lens unit provides variable spherical power

A simple routine of refraction has been devised whereby, after the spherical power has
been adjusted to give best vision of a vertical line, the cross cylinder at axes 450 and 135' i,
adjusted to bring this line into sharp focus. A line at 450 then becomes the test object for setting
the other cross cylinder with its axes at 0' and 900, again after any necessary adjustment of the
spherical power. A microcomputer performs the necessary calculations so that the readout can he
presented in the conventional sphero-cylindrical form of lens prescription.

Pre-computer Aids to Calculation
Of all the various aids to optometric calculation preceding the modern computer, two main

kinds demand attention: specially designed sliderules and nomograms.
Numerous optical sliderules varying in purpose and scope have been produced from time

to time. The earliest known to me was devised by Javal (1865). At that time, in France, specti-
cle lenses were numbered by focal length in Paris inches. It required quite an effort to determine.
for example, the lens equivalent to a combination of a -31/2 and a -24 inch. Javal's sliderule not
only gave an immediate solution to such problems but by an ingenious choice of scale factors also
dealt equally simply with problems involving prismatic effects and ocular convergence. A separate
scale, based on the data that had recently been published by Donders, coped with problems con-
cerning amplitude of accommodation and the choice of reading glasses.

Another sliderule of particular interest, designed by Professor Rochat, was introduced in
the 1930s by Carl Zeiss of Jena. Its main purpose was to solve problems relating to effectivity-
for example, conversion from spectacle to ocular refraction (or vice versa), compensation for ver-
tex distance changes, and so on. Tapered off at one end to a rounded tip, the sliding bar served
also as a depth gauge, giving readings on a vernier scale to the nearest 0.1 mm. By this means
the vertex depth or 'sag' of the concave back surface of a lens could be measured directly,.
thereby simplifying the measurement or calculation of vertex distances. A detailed description of
the Zeiss sliderule, together with many worked examples illustrated photographically, was given
by Theo. E. Obrig (1935).

A sliderule of considerable scope and ingenuity, comprising 12 scales in all, was described
" by its designer, Tien-Yung Miao, in 1945. In his paper, published in English, the author states

that his sliderule had been successfully employed for more than two years at the Institute of Avia-
tion Medicine in China.

Nomography was the creation of French mathematicians, notably Maurice d'Ocagne.
whose classic treatise on the subject appeared in 1899, A nomogram is a graphical representation
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,i mathematical equation In its simplest form it reduces to a doublesided scale. The most
i,,nimon itpe of nomogram embodies a formula containing three variables, each represented by a

,,r.."~.egradualed scale A cursor or index line laid across the points representing known values
!,, of the ,ariahles intersects the remaining scale at the point giving the required value of the

',d Lii i AOkn , %arahle
%lan nomograms in the optical and optometric tields have been published at various

!111c, and Benneti 11948) has perpetrated a few of his own. A typical example, hitherto unpub-
in=d., ,shon in Fig 2 6
It is well known thai the true effort of ocular accommodation that has to be exerted when

o. 1metrpe stews a near object through distance-correcting spectacles is not the same as the
c.kled "spectacle accommodation,' which is simply the dioptric equivalent of the object distance

i t he ,pectacle plane In general, myopes need to accommodate less and hypertropes more
* IIn the spec a.cle accommodation If a spectacle lens of typical form and thickness is assumed,

rcl,itionship between the ocular accommodation A, and the spectacle accommodation As is
t on n a %asona hle degree of accuracy by the approximation

U = A,/A,= I + 0.002dF,'
n Ahih d is the %ertex distance in mm and F, the back vertex power of the distance-correcting
es ()%er the range of powers +800 to -10.00 D, the error due to the approximation nowhere
\,seeds per cent

J I Pascal ( 1952) made a valuable contribution to the study of this subject, he termed the
t the 'act.ommodatie unit '" Multiplied by the spectacle accommodation, the accommoda-
iLl gi es the true ocular accommodation required.

F'v

vU

.4

0 12 4

d (mm)

4-

- 0

5 -- 50 .I
( I(, 2 # Nomogram of the approximate formula U - I + O.002d1-( connecting the power F,. of the
thscnce-¢correcting tens, the vertex distance d (in mam). and the 'accommodative unit' U. i"
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Figure 2-6 is a nomogram of the above formula Suppose , to be -8 00 D and d to he
13 mm. A cursor or straightedge placed across these points would be found to intersect (he L
scale at approximately 0.79 Hence, to read at one-third of a meter (A, - 3,00 D), the oculdr
accommodation required in this case would he 3.00x0.79 or approximately 2.37 ). Thanks
effectivity, a built-in reading addition of 0 62 has been provided.

In effect, the nomogram replaces a set of tables Its economy and elegance appeal to th
mathematical mind, but, like the sliderule, it is threatened by the rising* tide of computers

Facial Measurements for Frame Fitting
An old patent (No. 397 744) granted in 1889 to E. B. Meyrowitz and C E D)ressler is

worthy of mention here because its object is the automatic recording of facial measurements for
frame fitting. Though the means employed are potentially hazardous, they are not lacking in
ingenuity.

The main features of the device are illustrated in Fig. 2-7, in which (a) is an adjustable
frame with curlside temples (not shown in the drawing). The complicated bridge assembly is
pivoted at the top so that the projection can be varied. A set of vertically sliding rods, the lower
ends of which are turned through a right angle towards the patient, automatically adjusts itself to
the patient's nasal contour. To facilitate determination of a suitable lens size, an expanding lens
gauge, shown in more detail in (b), is mounted on each side of the frame. Each is separatel%
adjustable so that its center can be placed in any desired position relative to the pupil.

Pins or needles-both terms are used in the patent specification-projecting forward
toward the operator are attached to the center and extremities of each principal axis of the lens
gauge, to each of the sliding rods of the bridge assembly, and to adjustable members at the right
and left ends of the frame. In addition, a vertical triangular blade pointing forwards is mounted
on each side of the bridge assembly. When the frame has been satisfactorily adjusted and the
various movable parts locked in position, it is returned (points uppermost) to its specially

But inevitable (Ed

lA

-I

r

it.°it

(a) (b)

FIG. 2-7. Essential features of the measuring device patented by Meyrowitz and Dressier (1899) (a) generalview (in part) of the front; (b) more detailed drawing of the expanding lens-gauge,
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dtigned container, in the lid of which one or more printed cards have been previously positioned.
the lid is then closed When the box is re-opened, a series of pinpricks will be found on the
_ird i,, recording temple width, lens dimensions and distance between centers, and nasal contour.
In addition, the bridge projection is given by the length of the vertical slits cut by the triangular
hlades

It is not wholly inconceivable that the principle of this device may find some future
,nbodiment in a more sophisticated form.
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Chapter 3

OPTICAL SYSTEMS FOR THE REFRACTIVE

EXAMINATION OF THE EYE

Maxwell M. Lang

A t NIl)R[D AN) FIFTY years ago neither the eye refractor nor the trial lens set had
',c. in~nted Although the use of loose trial lenses was mentioned nearly 300 years ago, it was
% .i l D.nder, who systematized the trial case and trial frame. Some of the first lenses used for
.pihd tmi purposes were numbered according to the radius of curvature of the optical lap on
Ahih the, were ground and polished. These early lenses were symmetrical, having surfaces of
2,qUJ Lur',ature Indeed, it would have been impractical to have manufactured them in any other
,,rrn ,onsidering the magnitude of their aperture. Since the glass commonly used in their
Tmi inuta.ture had a refractive index of approximately 1.5, the radius of curvature of the optical lap

'cd for each of the equi-biconvex or equi-biconcave lenses was very nearly equal to the focal
incth tf the lens In this system, measurement was in inches and the strength of each lens was
,,pre,,ed as the reciprocal of the focal length in inches or the lens number. Thus, a number 20
lren oI 20 inches focal length was assigned a strength of 1/20. A major disadvantage of this sys-
,eni wa, that the lens numbers decreased with increasing power (Emsley and Swaine 1951,
lkf(heter 1915. Landolt 1886)

This method of numbering created a problem when, as frequently is the case, trial lenses
Acre used in combination. Even assuming that such combinations may be treated as if they were
'hin lenses tn contact, calculations involving the algebraic addition of awkward fractions were
it!en insolved in order to evaluate the strength and hence the focal length of each prescription
iens Further objections to the original system of numbering were variations in the length of the
,,tandard inch in different countries and the irregular intervals of such a series.

At the suggestion of Monoyer (1872) and Nagel, the dioptric or metric system of number-
;ng lenses was adopted All the objections to the earlier method were at once eliminated. The
li lengths were now measured as fractions of a meter. Lens strength was still defined as the

retipr kdl Of focal length by a unit called the diopter. Eventually trial lens sets were manufac-
,ured from one-eighth diopter intervals in the low power range, to various multiples of
,ne-eighth diopter intervals in the higher power ranges. Thus, incremented combinations of

lens power in intervals of one-eighth diopter could be obtained by using lenses in series. The use
J multiples of one-eighth diopter as a basic incremental unit of lens power immediately q.

h% iated the need for adding small fractions in order to obtain the final prescription. The number
Jetining lens strength in diopters now increased with the strength of the lens and was therefore
m,,rL directly related to the magnitude of the refractive error, whereas in the original
,,%rem the reverse was the case

Most of the early metric trial lenses were still of simple equi-biconvex and equi-biconcave
teign Jackson (1887) seems to have made the first major departure from this procedure with a

'rral lens set in which all the spherical lenses were either of piano-convex or piano-concave form.
the mounted lenses were 25 mm in diameter. He claimed that the use of piano-spherical lenses
permitted more convenient combinations of lenses, a reduction in spherical aberration, and
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better facilities for lens neutralization. A U.S. patent for a reduced aperture trial lens set %d,

granted to Meyrowitz (1915).
In order to assess the magnitude of the refractive error, it was necessary to hold trial

lenses in front of the patient's eye in some convenient lens holder. To do so may seem t, bc a
very simple matter not requiring any special care, yet many different styles and shapes of trial
frames have been made ranging from simple dual cell nonadjustable devices (Light weight. I
3-I), and those supported by the head rather than the nose and ears (Californian. Fig. 3-2). lo
rather complicated fully adjustable multicelled frames and systems such as the l)e Zeng
Refraction and Muscle Testing Apparatus (Fig. 3-2) and the Skioptometer (Fig. 3-4). The latter
were undoubtedly forerunners of the modern eye refractor. The successful trial frames have been
relatively comfortable to wear, have been manufactured from a light-weight alloy, and hac
permitted free adjustment of every variable. Jackson's trial frame (1887) weighed less than one

ounce. In 1912 Carl Zeiss introduced a series of lenses in which back vertex power was used as
the system of lens numbering, as first advocated by Badal (1883). Once the virtues of this sv.
tern were understood, back vertex trial sets began to appear. However, such sets were not addi.
tive and combinations of spherical and cylindrical lenses in series could produce results that were
significantly different from the algebraic summation of the labelled powers of the component
lenses.

The first attempt to produce a truly additive trial lens set is described in a U.S. Patent filed
by G. A. H. Kellner on 9 October 1916 and awarded on 7 May 1918. The patent was assigned to
Bausch and Lomb Optical Co., which produced the lenses under the name of Precision trial set
In this series Kellner used piano-convex and piano-concave spherical and cylindrical lenses of
uniform aperture (15 mm) and center thickness (1.8 mm) throughout. The cylindrical lens
mountings had milled edges but no handles. Thus their rotation in the cells of the trial frame was
unobstructed. It was a necessary feature of the design that the cylindrical lens was always placed
in front of the spherical lens in a specially designed twin-cell trial frame (Fig. 3-5). Later, two
additional carriers were provided for supplementary lenses. The piano surface of one lens should
face that of the other. This arrangement insured that the thickness of the air space between any
cylindrical lens and any spherical lens of the series remained constant for all possible combina-
tions. The powers of the cylindrical lenses were all computed to provide the prescribed dioptric
effect at the back vertex or second principal point of each spherical lens. The range of spherical
lens powers was from ±0.25 to ±20.00 diopters. Both spherical and cylindrical lenses were pro-
vided in intervals of 0.25 diopter up to ±3.50 diopters. However, the intervals were reduced to
2.00 diopters for spherical powers in excess of ±6.00 diopters. Since lens position was of vital
importance in the theory of the design, such a wide interval is a serious limitation of the system
(Lang and Marg 1975). Prentice (1917) in an appraisal of the Precision trial set writes with some
affection on the merits, accuracy, and craftsmanship of it, and the pleasure he has had in correct-
ing astigmatism with it. He also comments on the manufacturer's precaution of not only engrav-
ing the axes of the cylindrical components on the edges of the glass lenses themselves, but also
on the edges of their carrier disks.

The next refinement in trial lens design was proposed by Tillyer in U.S. Patent No. I 455
457, which was filed 5 September 1919 and awarded 15 May 1923. In many ways Tillyer's patent
was a generalization of the Kellner system, as discussed in detail below. Tillyer showed that a set

1. of additive vertex power trial lenses of nonplano form may be provided. He claimed that the fol-
lowing criteria only need be observed.

V1. The cylindrical lens should be placed in front of the spherical lens if a sphero-cylindricalIj combination is required.
2. The distance of the back vertex of the cylindrical lens from the front vertex of the

spherical lens must be held constant for all combinations of the series.
3. The front surface power and center thickness of all the spherical lenses of the series

should be constant.
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FIG 3-2 The California irial frame, Baers
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I! t . indedeiint I the forn f the cIindricil lens It is surprising that neI-

I- " is" er 'i tI.Io l 11c h . onsilered tile woiirk of Maser (1909). in which he

I ditl.r.nl thrn has ing the same hack ,ertex power are not necessaril.

. : t ner . .ilwt BenneIt 1I9(6) cleansrh explains this principle and shows thai

%w he i/cd w lth iddillise ertex power trial sets of the Kellner type are proh-

k. h rep ia .,ted h% ordinari, spectacle lenses of' corresponding power This was

"I. t.'. ,,, (If A o. nllll.C appointed i 1954 h' the British Ministry of Health to

.* .Juttr trial .. isc lenses Their report wa s published in 1956 and stated that although

:. , p si s.ts the Kellner type do solve the problen1 of lens effectivity

t..g heir perf ornance for near use is often inferior to other systems. The com-

.. . ,,i wmient in the lilker design but proposed that certain advantages would follow

I !he Kellner principle in reerse. that is. if the spherical lens were placed in front

I.,, letn s h he :o.nltte claimed that this procedure would insure that the effective

III the ,nihination was always correct for both distance and near usage and that

.... Fk. lenses need not he if uniform thickness, larger lens apertures than those advo-

uild he used the Ministry of' Health Committee on Trial Case Lenses also

',id' re.mniendations on manufacturing tolerances for trial lens sets. These proposals were

,hscp.entl, incorporated in British Standard No. 3162, Ophthalmic Trial Case Lenses (1959).

I p-.il firm ,If Rajner and Keeler Ltd includes in its range of trial lenses an additive

. '.,,. ,ei with lenses of a 20-mm reduced-aperture type. It is claimed that both lenses and

- ip, with the requirements of the British standard mentioned above. The cylindrical

mrUned in standard 38-mm-diameter rims. whereas the spherical lenses are mounted
-_, 26 mm external diameter so that the cylindrical axis marking will not he obscured.

ill t-ure of thc Raner and Keeler trial set is that the spherical lens mountings are of clear

, -nex sphertcal front surface, which serves as a magnifier for the axis markings on

I lenes C [)aian Keeler Lid has also produced an additive vertex power trial lens

. i th.: Ministr, of Ilealth recommendations.

, ion 1143'4) described a trial case made to his specifications as the largest in the world,

S hrrefr w(orthi (if mention for that reason alone. However, it did possess some other

, i, Its t Contained 411 lenses and disks. An electric heating element was fitted

." , (ri of lenses the warmth from this unit removed any tendency for the lenses to

S in.l di ,s The lenses were of plano-spheiical or plano-cylindrical form, and the latter

A. intr,,,,ted to indicate the axis direction. There was a spacing of 0.5 in. between the lens
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slots ill the tra% 10i ItIilht1ite is, handling Swaill clailled thiat it ts i rire occsin toi fi

[hall ofl. sp herical iind one c lindrical lens to he required for svlllhesi/ng a rctricis rrce .

Parallel to declo nireits and relinements in the design of trial lens set, t, e h1p1,1c r
ane of a variel. if ingenious hand-held and Stand-supported de% ices for nlcisurng h ic rt, rt,

and accoinodati',e powers of' the eve These instruments, are called optoneters, and hlac 11'!

mlixed reeption the term optonleter seems to have been first used b, Porterfield 11747) II,,"k

ever, the research into optorncters does represent an attempt to simplif. or perhaps (5,crsnipi

the task of measuring amletropia ()Ooneters may he classified hroadly nto twO nla1 gT1,ufl,
subectie optometers, in which the result is substantially dependent upon the response ,I
paltient : and objective optometers, in which the result is to a large extent independent I
patient's response.

Subjective optimeters ma. he further subdivided as follow,, according to the e,,,,;!.:
feature of their optical design.

a. The single convex lens.
b The (ialilean telescope.
c The astronomical telescope
d. The Scheiner experiment.
e. The chromatic aberration of the eye.

The Single Convex Lens
The simple optometer consists of a suitable test field, which may be moved along a rod or

tube in front of a convex lens. The latter occupies the spectacle plane of the eye being eani-
ined. The test field is located in the anterior focal plane of the optometer lens in emmctr
In myopia the test field must be moved closer to the oplometer lens so that a divergent beam ot
light reaches the patient's eye as if it had originated from the patient's far point In h perrnetr..
pia the test field should be moved in the reverse direction so that the light refracted h the
optometer lens converges on the far point of the eye. In each case the movement of the test tir-
get may be used to determine the magnitude of the ametropia. The rod on which the test field
moves may be calibrated for a direct readout of the result. Admirable as this simple device mi,
appear to be in theory, the results obtained in practice are very unreliable, mainly owing to the
patient's awareness of the nearness of the test field, which provides a very strong stimulus t
accommodation. The single convex lens is the simplest means of varying the ,ergence of the
beam reaching the patient's eye. It has been therefore used frequently in optometers Coccius
(1851), von Hasner (1851), Smee (1854). von Graefe (1863), von Burow 11863), Donders
(1864), Laurence (1865), Badal (1876), Burchardt (1876), Sous (1881), and others have made
use of this principle.

In order to overcome this defect of the simple optometer, a number of instruments %ve,
designed with an optical system that provided a retinal image of relatively constant size regardless
of the position of the test field. It was hoped that such a system would not oilly obviate the
stimulus to accommodation, but also avoid the recognition of blurred magnified images of the
test field.

In arrangements due to Badal and to Burchardt, the second principal locus of the optome-
ter lens coincides with the nodal point of the eye, an idea originally said to have been conceied
by Nagel (Sr.). Thus, test objects subtend equal visual angles in the emmetropic and axiallk
ametropic eye. However, it is easy to show that the retinal image in such systems become,
larger as the length of the eye increases. A more serious disadvantage of this arrangement is
that the results are given in terms of nodal-point refraction rather than spectacle-point refraction
Badal's optometer (1876) consisted of a cylindrical tube about 30 cm long with an eve hole at
one end. A convex lens of 63 mm focal length was fitted into the tube so that one principal focus
coincided with the eye hole. Behind the lens a transilluminated test field could be moved
along the axis of the tube by means of a rack and pinion, thus controlling the vergence of light
leaving the optometer lens. The test fields were interchangeable and the optometer was
mounted on an adjustable stand. The range of measurement of this instrument extended from
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I ii rfi"piei, I thle opionleter is so~tie ill (hie secondf principal (i'MiS of the
t1,CI[ol 011110&S 'Atil thle interior local point oif the ci~c as ad,,ocated hN Badal. then it

l IhCl l 1 t i IMiLpl AX515 of tile tiptlietet before reftriction is parallel to the principal axis
'I, % 2f .1C Ii ctIfrac(i on Inl this arrangement of the Hadal otipometer the principle of' equality of'

-1i 11akCc 1i/c IS tiresersed, bilt the aw areness of nearness of- the object is substantially edimi-
1 I" his 111utnenl scale is linear with such an arrangement

\it ,p!onietei diescribed h% Bull 1I897) for raplid refraction \&as a hand-held graduated opt-
sc1i '11111,1i111i1j test targets and anl astigiatic chart onl a slide at one end anid a complex eve

oqrisilirlc of three niosahle lenses at the tither f(Fig 3 6)I

Horo opometr11863) consisted of" a telescopic tube operating through a
tk .ind-piniin ,stnie AI the ocular end of' the tube was at coinvex lens of 4 in. focal length; at

ijicr end, a gruuMI-glaSS plate Cointaining test types
londers ( 1864) described an optorneter based upon an invention of von Ilasner (18511.

h nosled )t a board near] ' S feet long and 9 Parisian inches wide, It was equipped with 3
Aswhi~h fAcre parallel to the long axis of the botard. In these grooves, a wire optometer

-idhe mused ['he distance between the external grooves was fust under 60 mm, If' the wire
',me ir Aas moved along the m~iddle groove both ev" es contributed equally to the convergence.

\kas wus l into one end of the board io acco~mmo~date the patient's nose. In front of' his
'%crc wItk lens holders [he head was supported by two adjustable rods on which the cheeks

Sit hr ,ad were Jaisal's interests that it is not surprising that he also turned his attention to
1 csign fI o)pometers One optitmeter resembled at Brewster stereoscope mounted on a stand.

irlvci field was in ihe form of' it stereoscopic plate comprising two circles with the distance
* ferrthir centers Lorresponding io the interpupillary distance. One circle was divided into 30'

hcrnNl bs Ielse radiating lines labelled I ti XII. It the visual axes were parallel, the two cir-
*s,- Acre fused ii a single percept By means of' a rack and pinion the target field could be

iI fwas, from the patient until just one radiating line remained distinct. The direction of this
in,,rrcsponded to the meridian of highest refraction. Behind the optometer lens was a series of

diue .lndrical lenses which were actuated by at system of planetary gears so that they could
ihe rotated intot position in front of1 the eye at the same axis for measuring purposes. Javal is

rcufried witih a second tiptomneter consisting of' a disk of positive and negative cylindrical lenses
riging in power from 0 tit 7 diopters. Both disks could be rotated on a common spindle and a
unetars sisstemn similar to that described above was retained for axis control. The disks were
i h about 3ff cm in diameter and the whole unit was mounted on a heavy castiron stand. This '

isirument was most certainly the predecessor of the modern eye refractor (Fig. 3-7a). This
,pltrrmeler was first described by Gavarett (1890).

Anoither novel device, and certainly one of the forerunners of the modern binocular eye
-fidor. was the optomneter of Le Mehautd. This device was an attempt to displace the trial
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frame and lens set hv a portable apparatus consisting of a right-eye and left-eve battery of er.
small spherical lenses coupled together by an adjustable nasal base fitting The interpupillar, di-
tafce of the optometer was also adjustable and external cells were provided for the insertion it
cylindrical lenses

Smee (1854) de,,sed an instrument called a visuometer, constructed according to a prini
ple put forward b. Hawkins and used for determining the range of accommodation and coflS Cr
gence It consisted of a graduated optical bench along which test fields could be moved At 11
ocular end were four convex lenses of powers 2, 4, 8. and 16 diopters. The test fields serc
observed through one of these lenses. A full description of Smee's visuometer was given h
Donders (1864)

The Galilean Telescope

Galileo's telescope consists of a relatively high-power negative eyepiece and a relativelyjlow-power positive objective lens. By varying the separation of the two lenses the vergence ot
light leaving the eyepiece may be controlled and used to measure the refractive state of the eye
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\,n (Iraee i1863) seems to hase been first to document the use of the principle of the (alilean
p, 1eS, aS all optometer I.nlortunately, von Craefe used lenses of low power, which produced

Lidesirable differences in the magnification of the retinal image as the vergence changed, Snellen
!,iter reduced the magnitude of this problem by using a Galilean system consisting of a -40 diopter

icpece and it +20 diopter objectise Of course changes in separation of the the lenses were
more :itical Snellen recommended that the instrument he used binocularly in the interests of

telaxing the patient's accommodation For this reason Snellen mounted the eyepiece and objec-
',_ lenses in a double spectacle frame to which the pair of objectives were shifted by means of a
i sn rack-and-pinion s.stelm (Fig. 3-7h)

lIhe Astronomical Telescope

The principle ol the astronomical telescope has also been frequently used to form an
,ptometer The image is inverted but otherwise this system is more efficient than the Galilean
j.2[escope since the exit pupil of the optometer may be made to coincide with the entrance pupil
:t the eve The field of view is larger than that of the Galilean telescope and the real images pro-

1. ed h the ohiective can be accurately located on a suitable graticule and measured directly.
ihc problem of the inverted image is readily solved. As with all telescopes, the vergence of light
&f,.m the cepiece may he controlled by variations in the separation of the eyepiece and

S,Iht'.II\ C

lir,,cherg (1877) deised an optometer based on the principle of the astronomical tele-
...1C [he foal length of the objective was 40.5 mon that of the eyepiece, 27 mm. The lenses

,,rc mounted it the ends of two tubes, telescoped by means of a rack and pinion. The instru-
mtiiw Ai, capable of measuring hypermetropia and myopia of 12.33 diopters by changing the

* , ct'.raiion of the lenses through a distance of 21.5 mm from 60.5 mm to 82 mm. The instrument
v ,is .ahhrated in intervals of 0.5 diopter lirschberg drew attention to the fact that, unlike the

,ihcin telescope, the astronomical telescope could be reversed and still remain an optometer.
(Ink, the constants of the instrument have to be changed. Thus, a reading for each position of

,hL, nmirument proided the practitioner with a means of verifying the result.
()ne serious disadsantage of any telescopic optometer is the magnitude of the displacement

t its ,omponents for a reasonably useful measuring capacity. This difficulty was overcome to a

lirge etent in some instruments by the use of a total internal reflection prism. The Ruka Varia-
!,,f designed bh Thorner and manufactured by Runge and Kaulfuss is an example of such an
i,,trumeni in which the obtectise and eyepiece of the optometer remain stationary while their

eAled.se scparatiin is changed by a factor of two by a shift in the position of a total reflection

1rism along the optical axis off the optometer. The instrument was calibrated on the movement of
rhc prism and s referred to later

All monocular optometers stimulate active accommodation. This inherent anomaly of the

de,.ice almost invariably leads to the measurement of excessive amounts of myopia and reduced
amounts ol hHpermetrtpia However, it is interesting to know that there has been a recent
re ial of interest in a telescopic optometer by (uyton. who was awarded a U.S. Patent in 1972.

The Scheiner Experiment

(hristoph Schemer (1619). a contemporary of Newton, is perhaps best remembered for
,.h,if is still called Schemer's experiment The experiment proved that the eye cannot accommo-
1ldc simultaneously for a distant and near object The experiment is familiat to most students of
..lementar, physiological optics If the pupil of the eye is covered by an opaque baffle containing

!%4o pinholes separated by a distance that enables them both to be included in the area of the

pupil. oblects in planes other than the plane of focus will be seen in diplopia, owing to the forma-
ion of pairs of relatively small separated blur circles on the retina. Scheiner could not or did not

,xplam his experiment This task was left to Jacob de la Motte of Danzig (Shastid 1917). How-
,:ser. Schemer's principle did provide the basis for the development of several varieties of optom-

cter . including the Acuity Systems 6600 Autorefractor. The first of these optometers was

,ttributed to Porterfield (1759). Porterfield's optometer was further developed by Young
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(1801). Later Youngs iploneler was simplified h, L.ehot (1829) All these insirurnents is ,
of a small black board along w hich is stretched a fine while thread The h oard is held honnt,:'.

so that the patient's ee is at one end of the white line The eye views the line through a hdll:

containing a row, of t in apertures The haffle is placed ser, close to Ihc e e The line is S,.,

singly only at a point which is conjpgate with the retina Elscwhere it is seen as a set 0 nILJ1!11,:

lines dierging forward and backward friim this point The ibserver will see as Man, lines .i, ilhc

number of tiny baffle apertures contained in the area of the pupil Young," 11,r)

interest in the optometer was to measure accommodation In the form deised by Young its u,:

was limited to measurement il vmyopia and the punctur proxmum According to Land

f 886), its versatility was increased h.% the addition of a strong convex lens. which he attrhuic,, t,,

Stampfer Stampfer used a tube containing two diaphragms The one at the eyepiece ,,,

equipped with two slits a little oer I mm apart and each about 0.7 mm wide The tube "as tur-
nished with a convex lens of about 8 diopters. The diaphragm on the other side of' the lens con-

tained a single slit of 0 1 mm width, which was covered with ground glass. This slit was parallel
to those in the eyepiece. Measurement was made by moving the second diaphragm along the asis
of the instrument until the slit appeared single. Thus the artificial far point of the eye is known
The magnitude of the ametropia was easily obtained by subtraction of the effect of the optometer
lens This instrument was suitable for measuring astigmatism and is basically the
design currently being employed by some manufacturers in Europe. where more sophisticated
versions of these instruments still enjoy some popularity.

Another optometer based upon the Scheiner principle was the prisoplometer of Culber son
(1886). The optical system consisted of a single glass prism, the apex of which divided a small
circular aperture in a baffle into a bipartite field. The baffle and prism could be rotated through
3600 The patient viewed a distant white circle through the bipartite field. The monocular diplo-
pia induced by the prismatic eyepiece of the instrument was such that the two circles just touched
tangentially in emmetropia, overlapped in myopia, and appeared separate in hypermetropia
Astigmatism was detected by revolving the bipartite prism field. An improved commercial version
of the optometer with cells for carrying corrective lenses was patented in 1904 and manufactured
by Standard Optical Co. of New York.

Holden's optometer was yet a further example of the extent to which the Scheiner experi-
ment has been used in optometer design. This instrument consisted of an opaque disk containing
two perforations, 1 mm in diameter and 4 rim apart. A vertical prism of red glass was placed in
front of one of the perforations. The disk was placed before the patient's eye with the perfora-
tions occupying a horizontal line in the pupillary area. On viewing a small distant light source, the
emmetrope will report that two lights are observed in vertical alignment, whereas the ametrope
will report that the red and white lights occupy an oblique meridian.

Landolt (1886) describes another optometer based on the measurement of blur circles.
The inventor was Thomson, an American ophthalmologist. The instrument was called an
ametrometer (Fig. 3-8). A and B were small gas flames. A was stationary; B could be moved
along a graduated scale T by means of slide C. A and B could be separated by up to 30 cm. By
raising or lowering the scale, B could be made to rotate around A through an angle, the magni-
tude of which was shown on scale F. The gas flames were each about 5 mm in diameter and were
observed at a distance of about 5 meters. An emmetrope observed two clear small luminous
sources. An ametrope, on the other hand, observed two blur circles, the sizes of which were pro-
portional to the degree of ametropia. This size was measured by movement of the source B until
the two blur circles just touched tangentially. The distance between A and B was equal to the
diameter of each blur circle. This result was directly related to the ametropia, which could be read
off the scale. Based upon an observation of Czermak (1850), Thomson also described a method
of determining the nature of the ametropia. A red filter was moved into the field of the pupil.
which caused each blur circle to appear as if the red filter was moving across it. In hyperopia the
movement seems to be in a direction opposite to that of the filter whereas in myopia it seems to
be in the same direction as the filter. This observation is easily explained. In the case of
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hyperopia the colored portion of the refracted cone of rays is intercepted by the retina before it
reaches a focus. The reverse occurs in myopia. The inversion of the projected retinal images in
each case gives rise to the perceived effect. In astigmatism the diffusion patches appear to be
elliptical. In these cases source B would be rotated around source A so that the two principal
meridians as well as the magnitude of the astigmatism could be found.

Mile (1837) demonstrated that if the more distant of two spatially separated objects is
,icwcd monicularly through a single small pinhole in a baffle, any slight movement of the pinhole
Ic:r(,, the pupil causes the nearer of the two objects to appear to move in the opposite direction.
)n .hanging fixation to the nearer object, the more distant one appears to shift in the same direc-
iwn as, the moing pinhole The principle of this observation has been used to measure ametro-
pii and is related to the movement of the speckled pattern in the gas laser optometer.

The Chromatic Aberration of the Eye
Landoll (1886) described the theory of an optometer composed simply of a disk of cobalt

6htis, Such a glass transmits a relatively high proportion of red and blue light but absorbs the
midtle regiin of the visible spectrum The basis of measurement depends on the fact that the
,.,man e e exhibits a significant amount of chromatic aberration. If a small source of white light

,hscrsed through a cobalt glass filter, the power of the eye is less for the transmitted red light
'hi tor the transmitted blue light Thus, in hypermetropia, the combination of blur circles on
'-: rcina results in the central portion of the image having a more bluish appearance to the
;,i'micnt. whereas in myopia it should have a more reddish appearance. In the emmetropic eye, the

ur ircles for the dominant transmission colors are of approximately equal size and produce a
Iecnti image The most widely used version of this optometer today is the bi-chrome or

,u, .hrome test for retining the spherical ametropic component.

Objective Oplometers

Various objective optometers have been developed for measuring the static refraction of
'hQ ee Among the more notable of these instruments are the Astron Refractometer, the
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Rodenstock Ret rictuitneter. [hc Ihornet I xc Ret ratinicter. lie lets'. Iarailkix Ret riiio ;'

and the l-inchain (xnciden~e t )PtI-1cter Ilhe optical designi(it these instruments is in '

every respect similar to that of the sluhicctixe mpiicters Ihle single design tc,itit,
differentiates otte group f romn the t~hcT is the principle (if rc~crsihilitx (A the optical pamthi 1,

folilow a specific paith~,ix through an inpiwil sxstn retrace thait same paithwa. it the dirckiw

the light is rex ersed T~he response is Ifh us t rainsferred fronm the patient1. for A hom i 1cit

image pro'.ides the stimulus, to the practtiner, for Ahon a Lcar image (iti the p,iticnt s I

provides the stimulus
Among the simplest I irms of obtectix e optometer are the direct and indirect ophtft~lm,

scoipe. In the former case, lenses are interposed between the eye of the patient and the p

lioner to compensate for the algehratc sumn of' mantfest refractt ye errors iif' both In th jt,:i

intstrumenlt a strong eons cx lens is used to form an inverted real image of- the f-undlus in the
hetween the patient anrd the practittoner This image conuld he in t heorv recetved oin an c eL

screen, a priicedfure that is not practical under ordinary circumstances. since there I,, uNLu o

insuflicient light for the purpose. 1,' ndecr special circumnstances, such ats f'undus photograiphtx

intensity iif the source mai, he momentarilN increased In applying the principle of indii-Lv

ophthalmmscmpx toi the i ptometer. the first requirement is to determine the distance lor the (w

vex iiphthalnmosciope lens itt which an inverted image of' the fundus is formed To find its p,-

tion, Loiseau and Warlimmant (18791 used at plane polished glass that occupied oni a i pimi 1
the tuhe (if the instrument, which they called an ophthalmnoscoptometer Thek placed t K
reflector hetween the lens and the eve under exaimination1 in order to avoid the inconxenicnL.c ,t

illumination f'rom behind the screen and reflections f'rom the otphthalnmoscoipe lens lho %cxcT,
they were torced to use a transparent mirror, which considerably reduces its reflecting pmx~cr indf
thus the illumination of the fundus and the inverted image.

Schmidt-Rimpler (18771 introduced an ingenious idea f'or measuring the amctropili h
focusing the image of' an object oin the fundus by means of' the combined dioptrtc s~stcn1o Ih,
optometer lens and the eye. The optical system is illustrated in Fig. 3-9. When the consex lenn
L is placed in f'ront of' an eye so that its second principal f'ocus coincides with the anterior prinwl-

4 pal focus, anterior principal point, or anterior nodal point, the position of' an object 0. (ir thc
i image of a source such as S formed at 0 by the concave mirror MI. is always at the same distan-c

from the lens L when it is clearly f'ocused on the retina of' the eve with ametropta of similai ni,ik-
nitude. The plane containing 0 also contains a clear inverted image of the patient's lundus
Thus the source image 0. which may be any suitably illuminated target such ats at grid ,it . aind
the clear inverted image of the patient's fundus, will be xisible to an observer looking thriought the

central aperture C of the mirror Al. The point 0 and the clear image of' the fundlus shifts front
the anterior principal focus of the lens L in a manner directly proportional to the magnitude Ot
the ametropia by an amount expressed in metcrs per diopter of' ametropia. which is equal tom the
reciprocal of the squared dioptric power of the lens L. The magnitude of this shif't is thereforea
measure of' the ametropia. The two images are formed farther away f'rom the lens

IFIG, 3-9. Schmidt-Rimpler principle,
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liq, opllle.ltopI and ne rer to it If Ilnopta Ihe basic optical principles of this systemn have been

. II I111 Ophithalmoscopes and Intlnf oIf the ohective optomci trs
Ilhe imo'dern eie refractor seems to have evolved from attempts to produce more sophisti-

I 'd tr.iolw_, ihe instrL.ments that are aiailablc toda, did no( emerge full dleeloped fron
7 rid t, , .I1o% single in et c lor he ,re the pr ducts of the investigations. devices, expert-

OId -LggCt0IOII, oI" a ,aricl, o, enthUsListic students of opics,. physiology, optomeir,, and
. , ,, l-undanienal, the., are hasCd on the laws of optics as applied to vision care

m i t the carl\ instruments, called phoroncters. were used in conjunction with trial
,..,.t lic \Aerc designed specificall, osr in ,stigaling ocular motility. Following von

*,;.I 0 esi igatlIn tit phortas with a hand-held prism, the first of' these new instruments was
1,b1, hi,.ular phorometer which appeared in 1 X8 -his instrument is an ntegral part of

.\ niicrn ete r'lractors and ts so well known that little need he said about it.
the hlnilatinon of the Stevens phrometer were overciime by Wilson lis instrument

,,t ,It, ells fitted w fh a spirit level for lignment purpoises and supported on an adju-

, nd I icd pristns contained in a Suitable holding disk could he rotated into the aperture
right cell this s stem has almost completel replaced the Stevens phorometer in modern

- - .i r.i,. ts It has the adantage that both phirias and ductiins may be measured with the

sas.agc tirst revgot/Cd the desirahilit, of testing iicular motility with a monocular instru-
i..T! 'Ind dc\ ised a suitable instrument for the purpose It consists of a reversible I0-diopter Ris-

prisni moun1,111ted in ,I holder equipped with a spirit level (Fig 3-10)
the discover% of the fundamental functional activity of the oblique muscles is attributed to

'tv.tvg ( Price 19)IS In 1893 Prtce first advocated the adoption of the term cvclophoria to describe

,Mc. i,,hditinal phorias The first of the instruments used to test cyclophoria was devised by Price
,18911 and demonstrated tn 1894 Price's phorometer was a simple device used in a regular

tr to 0 ig 3 It the right cell was fitted with a Maddox biprism combined with a Mad-
dox rod with its axis parallel to the base-apex
line of the biprism. The left cell was fitted with a
standard Maddox rod with its axis running in the

same direction When a small light source was
- fixated by the patient, any departure from paral-

lelism of the central line from the remaining two
lines indicated the presence of cyclophoria.

Savage later redesigned the instrument for
measuring both cyclophorias and cycloductions.

fie called this instrument a cyclophorometer.

Another entirely portable monocular
phorometer was the Wells handy phorometer

(Fig. 3-1 2). which was a small hand-held instru-
ment. It consisted of a lO-diopter prism

mounted in a frame having attached to it a

weighted pointer by which the effective horizon-

tal or vertical component of the instrument
prism was indicated for its current position.

Although the instrument was monocular, the

optical principle involved was similar to that of

the Stevens phorometer, the single prism in this -;

case serving as both the displacement and

measuring prism.

FIG 3-10. Savage's monocular phorometer.
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FK; 3 11 Price's phoromcler

Eye Refractors
The modern eye refractor began to emerge in the early years of the 20th century. largelk

owing to the work of De Zeng. lis first patent (for a telescopic optometer) was awarded in 1895
De Zeng was granted a number of additional patents between 1908 and 1922 for inventions that
ultimately became incorporated into the three instruments by which his name has been per-
petuated. The first was the De Zeng phorometer-trial frame (Fig. 3-3), a trial-case-assisted
phorometer that included a hinged Stevens phorometer, a Risley prism, and multiple Maddox rod
with twin cells for trial lenses. The interpupillary distance was adjustable and a spirit level was
provided for alignment. The second was the De Zeng Phoro-Optometer (Fig. 3-13). This was a
much more sophisticated unit, which included all the features of its predecessor but was now
fitted with a pair of 30-diopter Risley prisms and two multiple Maddox rods. The trial-lens cells
were equipped with axis scales for holding cylindrical lenses; spherical lens power was provided as
an integral part of the instrument. Each of the spherical units consisted of one disk of low-powcr
lenses and one disk of high-power lenses arranged on a common spindle so that combinations of
one lens from each disk could be placed in tandem in front of the patient's eye.

American Optical Co. became interested in the De Zeng Phoro-Optometer and in 1929
released an instrument incorporating some further modifications and improvements, the
Improved Wellsworth De Zeng Phoropter, Model 588. It was very similar to the original
Phoro-Optometer and provided a range of spherical lens combinations from -8.00 to +7 75
diopters in intervals of 0.25 diopter by means of two concentric disks of low- and high-power
sphericals. This interval could be reduced to 0.12 diopter by the use of an auxiliary lens. Right-

FIG. 3-12 The Wells Handy phorometer.
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Slihi 0 I~IKl 1.11i1 ct added io the instrument I ach consisted of* two concentric
I MTIL1 01f),1i11,1 leoIC hit,1 ko~ld he poiied on the sight hole of the instrument f'or

*,d(oihio.nivm ,I 11in1us klindrijil power front 0010 to 1,25 diopters in intervals of'
-pi:iindn 4 '> dwilers in interals of 0I 25 dliopter could he provided. The Stevens

%.i1 SLIpCi Sede:d bN thr[ec displaicement prisnms (if' powers 6 diopters base up, 10
IIin m Is diupiters baise out, %%hich were contained iii a disk of' auxiliary lenses.

11i1111S Insts he wIAl multiple Maddox rods, and the spirit level were retained f'rom
&us!1 eiHiIC e pittdc nature oft his instrument was at feature of the De Zeng

ime111d 1hit this N44t 01i n1IStrmnil should he small, neat, and sanitary, covering at
110tt it lhe paItieiN' ikc Farlier disk optomneters had heen rather cumbersome de-

\1I), tie,% iDic e/eng Instrumlents had been supported f'rom helow. American Optical Co.
1is i11IiT Liit111 with Ji more %ersatte eye refractor, which was suspended from above.

1l(6 . 13 the Phoro-opiiimeicr. De /eng 10

I hi, vis Model 589. in which the spherical range was extended from -19.00 to +I 16.75 diopters
! nlersals oft 0 25 diopter and the cylindrical range from 0.00 to -6.00 diopters in similar inter-

0,This irrangement of spherical and cylindrical lenses has been perpetuated in all subsequent
lnte-rian Optical Cio eye ref'ractors to the present day. An operational weakness of Models 588

1i 8 was evident during the examination of astigmatic patients with relatively small interpupil-
itr; distances, f'or whom interlocking of the milled edges of the Iwo cylindrical lens units could

at somme axis positions. In 1948 Model 590 was introduced. This model included some
niw impriivements over the earlier instruments, although the normal range of the instrument
,x i s imilar toi that of Model 589. However, cylindrical lenses were relocated within the main
~'-wong of' the instrument and a pair of -2.00-diopter plug-in cylindrical lenses were provided as

soie.which extended the cylindrical range to -8.00 diopters. Cylindrical power
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and axis changes were effected for the first time b means of a pair of concentric knobs It is il
writer's opinlion that this instrument was the most advanced of its da, and probabl rcpre s w..oi
an optimal compromise between simplicitk, qualih crafltsnanship, and clinical excellence (hal 1,,,,
never been surpassed in aI manuall operated eve relrac or In man, ways it is a pit% that prIdLI,
lioll of this model was ,llsconinud 111in faior of the glossier, gadget-endowed Rx M&,iler iml
tiltrarnalic eye refractors marketed hb, the same co nipa1m Hith of these instruments ha;,. a sini
lar lens inventory to the Additi sc Phiropler Model .90 lhe notahle differences arc in the 01111
plement of auxiliaries

In 1926 two patents were awarded to flans Clement and Bernard Parron for an ce rCfTa,
tor b which various combinations of' spherical and cylindrical lenses coiuld he ohtained h tII
rotation of knohs or the movement of levers The patents were assigned to the General I1)pt ,1
Co of' New York: the (jenothalmic Refractor was the result Its lens nventirv was conlained ir
six disks, which were enclosed within a lacquered white metal housing The front disk includej
three plano-con..ive spherical lenses with the plane surfaces leading. a fixed cross 1indeT 1rW
near testing, and an occluder. The second and third disks contained low- and high-puw,, ct
plano-consex spherical lenses, respectively, with the curved surfaces leading. lhese two disk,
provided positive lens power ranging from 0.00 to +8.75 diopters in intervals of 0 25 diojitei
Disk 4 contained three relatively high-power plano-cylindrical lenses: Disk 5, three relath, he
low-power plano-cylindrical lenses. The leading surfaces of all the cylindrical lenses were curs'ed
Negative cylindrical power ranging from 0.00 to -3.75 diopters in intervals of 0.25 diopter %,is
thus provided. The axes of all the cylindrical lenses in each pair of disks could he changed sinul.
taneously by means of a spring-loaded lever, which operated a planetary system of gears lhc
final disk contained three high-power auxiliary plano-spherical lenses. They were +i 9It.
-9.00, and -18.00 diopters and extended the nominal spherical range of the instrument from
-18.00 to + 17.75 diopters. These lenses were brought into position in the sight hole of the
instrument hy means of a short lever. The leading surfaces were the curved surface of the pos-
tive lens and the plane surfaces of the negative lenses. Some attempt seems to have been made
to compensate for changes in lens effectivity brought about by their different distances in front of
the patient's eye. The sight hole was 36 mm long with an aperture of 21 mm. The internal lens
stack was about 25 mm thick. The patent specifications emphasize the mechanical apparatus by
which the lenses are transported into the prescribed position in front of the patient's eyes. No
claims were made concerning the design of the component lenses.

Hartinger (1931) described a new eye refractor designed by Henker and produced by Carl
Zeiss of Jena Although it was a more compact binocular instrument, both its mechanical and
iiptical arrangement was very characteristic of one of the Javal optometers. It consisted of three
disks of lenses, two sphericals and one cylindrical. All the cylindrical lenses were fitted to geared
rings and could be rotated to any prescribed axis by means of a master planetary gear All lenses
were Zeiss Punktal spectacle lenses of 12 mm aperture. The nominal range of the instrument
extended from +23.50 to -31.50 diopters of spherical power and from +6.00 to -6.00 diopters of
cylindrical power. The cylindrical range could be extended to ± 10.00 diopters with the aid (if a
pair of ±4.00-diopter auxiliary cylinders. With the refractor was supplied an extensive box of
accessories including prisms, Maddox rods, Maddox biprisms, tinted lenses etc., and a box of
telescopic and microscopic lenses for the treatment of the partially sighted.

Three U.S. patents were filed between 1926 and 1932 by Hunsicker for an eye refracting
instrument. Two were awarded in 1931 and a third in 1934. Two of these patents were assigned
to Aaron S. Green and Louis D. Green of San Francisco. Interest in these patents by Bausch
and Lomb resulted in the manufacture of the Greens' Refractor, undoubtedly the most widel
used manual eye refractor of the 20th century. The main instrument included four disks of
lenses. The first was a battery of negative piano-cylinders with the cylindrical surfaces leadin
The powers varied in intervals of 0.25 diopters. This disk was followed by a disk of low-power
positive plano-sphericals with the plane surfaces leading. These lenses were also ordered in
intervals of 0.25 diopter to +3.75 diopters. In the instrument examined by the writer, the
+2.25 sphere had been fitted back to front. The third disk of high-power piano-spherical lenses,
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.. ,ir planc surfaces leading, included a range of' lenses rom + 16.00 to -28.00 dioplers in
... of 400 diopters The final disk of auxiliary lenses contained a pinhole, an occiuder, an

I ipcTiure. a +0 12-diopter -spherical, and a +2.00-diopler sphere for retinoscopy. A box of
III ,tu\liar% lenses included a pair of -0.12, -2 50, and -5.00 diopter plano-cylindrical lenses
rh, plane surlace leading. The nominal range of the instrument is theref'ore from + 19.75 to

, 5 di ,pters of spherical power it intervals of 0.12 diopter, from 0.00 to -2.75 diopters of
S.IlhtTr.Il powCr also in mtervals of 0.12 diopter, and from -2.75 to -7.50 diopters of cylindrical

c in niersals of 0 25 diopter If the final auxiliary disk and the plug-in lenses are excluded,
it hkness ol the three-lens sphero-cylindrical stack is approximately 9.56 mm. The length of

'!illighi hole is 29 mm and the aperture of the instrument is 16.8 mm maximum. It is surprising
,11 B,,usch and lomb did not incorporate the Kellner principle for which they had been assigned
'e p.itent in 1918 The instrument is not equipped with a corneal vertex distance measuring sys-
:in [his simple addition would certainly have improved its versatility in dealing more ade-

. . ~. % kilth prescriptions of medium and high power. As it is. the extreme range of the instru-
,n:c is rare{ used and seldom trusted. Bausch and Lomb have released a more trendy version
, lc instrument which some may find of more pleasant appearance. It is referred to as the
,icnN, II There are no major changes to the optical system. The Jackson cross cylinders are

intcd md flipped by means of a pair of concentric knobs, which are synchronized with the
,lriidcr .ixis ciontrol. The external adiustable Maddox rods and Risley prisms are retained.

irom the United Kingdom, two eye refractors bearing a marked similarity to the
(,cn,-thalmtc Refractor have emerged from the Ellis Optical Co. of Croydon. The first was called
:ii, I \.arniior [he second, the British Refracting Unit, must surely be hailed as the dreadnaught
,I,,, .irningst eye refractors. It contained no fewer than 8 independent disks of lenses. It was an
:\icnsioni in design of the Examinor. The first disk included a similar set of auxiliaries. Disks 2
,d I contained the low- and high-power positive plano-sphericals with convex surfaces leading.
[hcse disks were followed by disks 4 and 5. the high-and low-power negative piano-cylinders with
.linc surfaces leading. Disks 6 and 7 contained the high-and low-power negative plano-sphericals
wth the plane surfaces leading. The final disk was a battery of auxiliary ±9.00 diopter sphericals.
kiiih such an array any attempt to control effectivity would be worthless. The aperture of the
,nstrcnnt was 20.5 mm and the length of the sight hole, 43 mm. The thickness of the lens
,tik reached a record magnitude of 30 mm. Two front cells on each side of the instrument were

, i ded for additional lenses.
.Nn eve refractor of continuously variable power was described by Retina (1937). The

nst rment was designed by Thorner and manufactured by Runge and Kaulfuss. It became
sn(-wn is the Ruka Variator and incorporated a Stokes-Javal lens consisting of a positive and a
nc'aise 3 00-diopter cylindrical lens mounted coaxially in a geared unit to rotate in opposite
1,rcions As the lenses were rotated from the axes-parallel position to the axes-crossed position
i 0ndrical component was generated which changed in magnitude from 0.00 to 6.00 diopters.
st:c ihe two cylinders rotate in opposite directions by equal amounts, the axis of the resultant

hlnder remains constant at an angle of 450 to the axes parallel meridian. However, the lens also
pr,,dutes ,in undesirable spherical component of half the power of the resultant cylinder but oppo-
,ic sign, which must be neutralized. This goal was achieved by means of a unit magnification
,tr-nomical telescopic optometer, the optical path of which could be varied and reversed with a

, internal reflection prism. This optometer also provided continuously variable spherical power 4
r,,ingirng from +20.00 to -20.00 diopters. The instrument was heavy and cumbersome and the
,periure was very small. More than half of the incident light was lost by reflection at the surfaces
,,t the %arious optical elements. Nevertheless, the Ruka Variator has some very useful features.

Modern eye refractors following the American pattern are of relatively recent origin in
I urupe Two of the more notable instruments in this group are the M61ler Visutest-C and the
Ridenstock Phorovist.

The Visutest-C is a broad-looking instrument, the elements of which are housed in a plas-,ft isig. The sight hole of the instrument is 28 mm long. The aperture is stepped down from '

25 mm at the front to 19 mm at the back. Access to the internal lens disks from the patient's
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side is prevented by means of a cover glass, which is screwed into the rear aperture of (hc fi,,

ing A corneal vertex distance indexation marker is provided, which allows the praimiiiir ',

locate the cortieal vertex 12 mm behind the back vertex of the cover glass No ciimplenici ,..

scale is provided for the practitioner's use of some other vertex distance 1here is pro. ,fi i -

lever-controlled convergence of the two optical axes of' the instrument for near testing I

unlike the instruments with that feature which have bec i produced by American Optical (

change in interpupillary distance is not automatically registered on the appropriate s ale It,

forehead rest has 23 mm of adjustment. The right half of the instrument may he r,,ed ,

lowered by 5 mm with respect to the left half to compensate for facial asymmeirN A n,

double-cross cylinder unit designed by Reiner replaces the standard Jackson t'pe 1 his , -

Astimess cross cylinder, which consists of two crossed cylinders ground on +600 diejh.cr hj,,,
toric form and secured into a geared unit in such a way that both may be reilscd simultinc,,u,j

by a single action, so that common axes always remain at right angles The double len uni; i,

hinged so that each lens may be shifted into position in front of the sight hole hor conipr.i*,,i

purposes. The lenses are intercL'angeable although ±0 25 crossed clinders are normall ,uppiie .l

The main lens inventory is contained in four disks. The froni disk contains negative %lindcr,
ranging from 0.25 to 2.25 diopters in intervals of 0.25 diopter All are ot toric firm %ith i h,i,.
surface power of -6.00 diopters spherical. The second disk contains a set ot !i,-poer p ,n\.&
and negative spherical lenses ranging from +175 to -1 00 diopter in intervals of 0 25 d le
The positive lenses are ground on -6.00-diopter base and the negative lenses are ground wi
+6.00-diopter base. The third disk contains high-power positive and negative lenses ianging tr(,n

+ 15.00 to -18.00 diopters in steps of 3.00 diopters. The higher-power lenses are oi plant, t1rrn
with the curved surface leading the positives and the plane surface leading the negative-, The
lower-power lenses are ground on either -6.00- or +6.00-diopter base curves acciirding 1,
whether they are positive or negative lenses. Four pairs of plug-in accessor lenses are prtvd.d
They include piano sphericals -2.00- and -4.00-diopter cylindricals of meniscus and iori rm

respectively, each with a back surface power of -6.00 diopters spherical, and -6 00-diopter tori,
cylindricals with a back surface power of -12.00 diopters spherical. The nominal range of the
instrument is from +26.75 to -29.00 diopters spherical in intervals of 0.25 diopter and from 4) 25
to -8.25 diopter cylindrical in similar intervals if the ± 10.00-diopter sphericals contained in the
auxiliary lens disk and the plug-in cylindrical accessories are used in conjunction with the threc
main lens batteries. The total thickness of a combination of lenses from each of the fi%e sources
is 18 mm. Some attempt is made to control the effectivity of the lens stack in the spectacle plane
Nevertheless, the logic of such control is difficult to follow. Differences between the actual hack
vertex power and the labelled power of the lenses are confined to the plug-in negative cylindrical
lenses, the high-power sphericals, and the plus and minus 10.00-diopter sphericals contained it,

the auxiliary disk. Compensation is made according to the general rule that lenses increase in

effective positive power as they are shifted away from the eye. However, the high-power spheri-
cals are compensated for a plane which lies 6 to 9 mm on the side nearest the eye. whereas the
±10.00-diopter auxiliary sphericals, which are located 1.8 mm closer to the eye, are compensated
for a plane about 18 mm closer to the eye. On the other hand, the three plug-in cylinders are
compensated for planes 45, 23, and 18 mm, respectively, closer to the eye In spite of this
feature, the instrument is provided with a corneal vertex distance alignment system which is cali-
brated for 12 mm (according to the manufacturer's specifications). A novel mechanical feature ot
the instrument is that the presbyopic addition may be indicated independently of the distance
spherical correction.

In the mid-1960s the Rodenstock Optical Works of Munich re-entered the eye refracltor
arena after a lapse of almost 40 years, following an unsuccessful adventure with the Disk Retrac-
tometer. The current model is called the Phorovist. The main unit contains four disks of lenses
The front disk contains a series of negative cylindrical lenses ranging in power from -0.25 to -2 75
diopters in steps of 0.25 diopter. These lenses are ground on +6.00 diopter base toric form and
mounted into geared rings which engage a planetary gear by which they may be brought into post-

56



, r )I th" l . at or prescrihed axis -he sekond disk contains a series of los.-poser

is t.,, timoinal po%,er, of w1hich range frorn +0 7S to -2.00 diopters iII itersals of 025
, i thec leos are plano-spherical wnh the plane surface of the negati,,e lenses and the

- U. 3,C . ti t 1hC po 4 t1 . C leading rhe third disk contains the high-power sphericals in inter-
S.. dipter, The normnial powsers of these lenses range from -18.00 to +15.00 diopters.

I'' hA ,Urx\CS Of his series \arics throughout the range The negatives from -3 00 to -9.00
, [C .r l g und Oi 3 ( (1)-diopter hase., which is the leading surface. The same range of posi-

, .ql1, is ar.und on 3 0)0-diopter base, which is the back surface. Lenses of power equal
,rr'.ecr than 12 i)) d pters are of piano fourm with the plane surfaces of the negative and the

S .d Lirt,i N I the poitisc lenses leading In the disk of c~l itders an open aperture is pro-
, .l ,, hU; the )iOli)-dioper aperture of each of the two spherical disks contains a +6.00-diopter

- ., II, meis,.us, lens 1heoreticallk the American Optical Co. instruments based on Tillyer
-!% - hafld irisc used such a lens, hut did not In the case of the Phorovist such lenses are

S.., ' ., ,Asl.e I .en their hase cur\e, are not consistent with those of the other lenses in the
I. n itih instrument I e\amined there was no evidence to suggest that any attempt was

j , , il.ipens .t he piwers I the lenses for their planes of occupancy. However, some of
. ., crL: up it, I 25 diopters of]" true power. ) The fourth disk contains a set of auxiliary

B,,h the troni and hack ends of the sight hole aperture have been sealed by a plane glass
.1 i,,., I mil hi.k the distance between the two windows is about 24 mm. The thickness of

!,IkI ftur internal lenses is 14 5 tm The back vertex of this stack is 7 mm in front of the
K A tidrA of tI le instrunent The external accessories include a pair of 20-diopter Risley

"i rr, id .i pair ot interchangeahle Jatkson cross cylinders. Three auxiliary negative cylindrical
11s

, 
,I .rs 2 0) 4 0. and 6 00 diipters. respectively, are provided. These lenses plug into

ir,,T .,nd oA he sight hole. where they are engaged by the regular axis-setting control. The
". ric\ I these lenses is 18 5 mm in front of that of the internal lens stack. However, the

* inl 0inders are power conipensated for planes 28. 21. and 17 mm. respectively, behind their
eAIK ertit,.C [he ciirncal \.ertex distance alignment system is calibrated for a back vertex dis-
, 8I IX mm The total length of the sight hole is 31 mm, its aperture is 18 mm. and all

' ,ds ire s.,.uum coated against reflections. A useful feature of the instrument, at least in prin-
ci! is .i warning light that indicates when the patient has moved off the forehead rest. Electrical
1,, i.mi t,1lurC in the s~stch has given the writer sufficient concern to regard any further time
l l n scr.icing this part of the instrument as a waste of effort.*

\ nLUmher i(I cc refractors of Japan.se origin have appeared recently. Some of the earlier
,d.1cl, Aere rather inferior reproductions of American instruments. They have included the

%1 )S Phrpt,,r and the (K" T-10. both of which closely resemble in appearance the Greens'
R.ra.htr and the New (hero% Precis-o-matic Phoropter. which bears a strong external similarity

h. \mcrican O ptical Utramatic Phoropter
ithin the past decade Topcon Optical Co., after producing one or two less ambitious

instruments (Models VT-J and VT-D). finally released the Vision Tester model VT-SD. This
mi,def must surely be the most well-presented eye refractor package thus far produced. One can-
not help but be impressed by its external appearance. Only the more adventurous will have lifted
its gleaming covers to peer at the optical system that lies beneath. I have had the disappointment
1 studying two VT-SD eye refractors in this way. Both were brand new instruments, a period of
ahout one year elapsed between my examination of the first and second instrument.

The VT-SD features one or two innovations. The princil tl innovations are the 0.50 cross
.inder liupe (Auto (ross) and the duochrome loupe. The physical arrangement and optical

;,cscntatun of both loupes is similar Each is essentially an opaque carrier disk containing two
.rnmrrical apertures of 14 mm diameter on 16 mm centers. Each aperture is fitted with a
-dipter displacement prism with its base toward the center of the carrier disk. The Auto Cross

'[he manufaturer of the Phorovis claims to have eliminated much of the criticisms referred to in the
. .aluatin of the instrument
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is also fitled with to crossed slinders with similar axes at right angles to one another A\
lever enables the carrier disk to he rotated through an angle of 45' for checking the power or n,

axis ol the corrective Cylinder The unit may be automatically coupled to ihe TIr
mal axis control provided that no additional plug-in accessory lenses are required I hc ada!.
tage of the device is that the Maddox biprism produces monocular diplopia (ci the test target I,

simultaneous comparison of the first and second cross cylinder images hb the patient lhe du,

chrome loupe functions in a similar way, the diplopia images in this case being observed resp,.,

tively through a red or green filter. The third loupe is a fully adjustable I5-diopter Rislc , pv riso
One Risley prism was out of adjustment by 8 prism diopters in the first instrument I exairilwl..d
A set of these three accessories is. of course, provided on both sides of the instrument I1
alignment is carried out with the aid of a disk spirit level which is normall, covered hv , hirln%

polished metal plate that also serves as a %,isual access mirror vhen raisdc,
the 450 position.

The internal lens stack is protected by front and rear flat glass cover plates, 1iat r, 1r 1
the sight hole. The center thickness of each cover glass is 1 6 mm and the aperture i,, I X " inl.
The sight hole length is a record 48 mm with the Auto ('ross coupling plug in position nI 4,
mm with it removed. There are five internal disks of lenses The first is a hatter, l h l,, p1),,, '

negative piano cylinders with the cylindrical surface leading [he second disk uwi,

high-power negative piano cylinders with the plane surface leading The two disks are nrc,'.c
cally linked so that for every full rotation of the first disk the nest high-p,'Aer i.ind:r

automatically shifted into position in the sight hole. This is standard procedure in most o,,.
instruments. In less than a year's usage, the cylinder unit of one instrument has de,,p.,
mechanical failure. The two lens disks referred to above rotate on a steel spindle in ,i nrk, '.

ing. The coupling of the two disks is effected by means of a s~stem oi gears I he
bearing has caused the steel spindle to wear and the coupling gears sometimes slll LIT ,
This fault has produced both axis and power errors to be recorded and hai, .reated a gener
ing of uncertainty and unreliability with respect to the instrument. The nyoin bearrn a'

replaced with bronze. The -3.75- and -5.00-diopter cylinders in disk two ha e an ,i,,i h,i,
tex power of -3.90 and -5.37 diopters, respectively, presumabl in an attempt i mpe,,
the forward position of the cylinder unit. The nominal and back vertex pov4ers (,I
cylindrical lenses are equal. The third disk is a battery of low-power sphercal lenses irr.
-1.00 to + 1.75 diopters in intervals of 0.25 diopter. The lenses are of planti .u,
piano-convex form. In both of the instruments examined several of these lcnses appar
been fitted into the disk back to front. They are asymmetrically vet beCelled and held I II
by means of a circular wire clip. Because of the asymmetry of the bevel it is diflicui i,
lenses correctly short of cementing them into position. Disk number four is .i h
high-power sphericals ground on +3.00-diopter base meniscus form The% range in ...
-18.00 to + 15.00 diopters in steps of 3.00 diopters. Power modifications hase been ,,d

attempt to compensate for a forward position of this batter. of lenses bv d IistArnI Ct .') ,.
mm. That is, apparently for the plane of disk 5. the disk of internal auxciar% lenses I I .

lenses include an open aperture, an occluder, a fixed crossed cylinder, i polari/ing lens. i sci:i,
and horizontal multiple Maddox rod, 15 diopters base out, 10 dropters base in. and is dicll,
vertical dissociation prisms, a pinhole, and two spherical lenses for retlinoscopv of powers - 2' ,,
and + 1.50 diopters, respectively. The total thickness of a stack of lenses comprising one ?TI.

each of the five internal disks is 23 mm. The distance between the auxiliar lenses and the h,,
cover glass is 6.8 mm.

The instrument is provided with a corneal vertex distance alignment system calibrated Iw
12 mm. A millimeter scale is clearly visible on both sides of the zero position When the paticr
is aligned on the zero marker, the corneal vertex is located 7 5 mm from the rear cover glas,
This is not practical and zero alignment will be unattainable in most cases if 2 mm is allowed ho
the thickness of the eyelids and 7.5 mm for the upper eyelashes. A small red marker appears ini
window at the front of the instrument when the patient is in contact with the forehead rest Ihi,
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(101 ,d i .i a levels of illumination customarily employed in practice.
\ hx ol plug- i au xiliaries I-, also provided and contains pairs of lenses of the following
pcrs (the KIu.ul hack ertex power in each case is shown in parenthesis): -2.00
,, dri.aI 2 62). -100(0 diopters spherical (+7,25), and -10 diopters spherical
life etlc0IC labelled powers are thus generated in a plane about 38 mm on the eye
Il, i 0I-dliopter lenses Hlowever, one finds that when the +10.00-diopter lens is

A i ' positio, a spherical power of -8 75 diopters is required in the internal spherical unit
' , f_,l~iTrli,.iO)it In the case of the -10 00-diopter lens, neutralization is obtained when

fi, pticrs (t ,spherical power is provided by the internal unit. All lenses are vacuum coated
'I," uL11.1WC reflections For testing at near (35 cm) and intermediate distances (67 cm) the

:, .. the instrument may be converged automatically by means of a coupling which is
:1hn the reading rod is lowered into position
\,d fern manual cc retractors at best seem to be a compromise between accuracy and
S.r,,u,,eene the present in\estigation of the optical systems employed in eye refractors

. 'Aik' ,iricl. of different arrangements of lens power, type, form, and position have
,ci ,,cd II an att1empt to produce a better instrument. Perhaps in despair some

, . scn tried locating some of their lenses back to front. Are there some basic
,rmoIipl, on Ahich designers could base a perfect solution to eye refractor design?
.. is dicussed by Lang and Marg (19751. Most users are obliged to rely on the

S I h, manulacturer when contemplating the purchase of an eye refractor. Few users
. '-- !he t,,itties. the opportunity. or the inclination to make a thorough evaluation of the

S-,,e% ' h ish to acquire Perhaps this report will prompt some manufacturers of
!irtmients to re-examine their standards of quality control and provide the precision

C. 1 hat users believe they are obtaining

I hi Risle Pris m

' ,.ihh Rislc prism has appeared as an accessory on almost every eye refractor yet
'i ' t', ittached to the front of the instrument housing by' means of a hinged

it I., he mo ed into position in front of the sight hole. It can be rotated in
, s ic ln such a wa. that the base-apex line of the resultant prism may be

di T hC vertical and horizontal positions are located quite positively by a
i . .l he1ming or similar device which engages a suitable depression in the

,i ,a .mfimed a group of nine different well-known eye refractors, all of which
A ',sic prisms After an allowance of either 26 mm or the manufacturer's

. -, h-cI made for the distance between the back vertex of the lens stack
* . ri~ i.I the ese. the back vertex of the Risley unit was located at an aver-
, ' mm in ront it the center of rotation of the eye. This distance was largest
,c I he Topton 'Vmon Tester Model VT-SD, and smallest for the Greens'

. %lt'icr 1% stet-( . in which corresponding distances of 59 mm were measured.
I,,,,. i,vrf position of the Risley prism does not affect measurements of ocular

Is , ,. ,ri the instrument readings for similar measurements made at relatively
V ' ,.,i. with the magnitude of the actual ocular rotations which take place.

Ik . i, i rctdution in the effective power of the prism, which is a function of its

m r uit ,I rotation if the eye and the near test field.
t, . cc with it% center ol rotation at R is viewing a near object O which lies on the

jjl xis RO' If a prism of power P prism diopters is placed in front of the eye at a

r.m is ,enter of rotation and at a distance I from the object, the eye must rotate

Ingle " t, hsate the image 0 of the original object, formed by the prism. Reference
, 14 learh indicates that for a prism of any power, the magnitude of the angle 0

; hi.h the ee must rotate to regain fixation of the displaced image will be reduced as

--. ,n~reaises or / decreases The angle # may be expressed in prism diopters and defined as
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the effecniie power of the prism. Using the New ('artesian sign convention with the plane (i Ah,..
thin prisnm at the origin of a two dimensional coordinate system we have

tan H = 1'/( /) = -(/tan P)/(s I) = (tan P)/I - (W/l)J

and the effectie power of prism is given by
09 = Ps/[l (//)]

If / is very large, as is the case when ocular motility is tested for distance vision, the pN-_
tlion of the Risley prism in front of the eye makes very little difference to the result and 0i- =
/)for all practical purposes, However, if the above formula is used to compute the effectix2
power of the Risley prism when used for measurements of ocular motility at distances of 333
mm and 400 mm. respectively, in front of the back vertex of the lens stack in the eye refractir.
significant differences will exist between the scale reading and the actual eye rotation. If an air-
age value of 71 mm is adopted for the magnitude of s, the Risley prism will read too high T'hc
error will be approximately 20% for a near testing distance of 400 mm and 25 Y. for one of 333
mm. In the case of the Topcon Vision Tester (Model VT-Si)) the error is 30'!. at 400 mm and
37/ at 333 mm, The errors in the Greens' Refractor and Visutest-C are 16% at 400 mm andi
20'/. at 333 mm.

-he American Optical Co. Ultramatic Phoropter and the Topcon Vision Tester (Miodel
VT-SD) are each equipped with three auxiliary prisms of powers 15 diopters base out. 10 diopter,
base in. and 6 diopters base vertical, respectively. These prisms are located in planes 46.5 mm
and 71.2 mm, respectively, behind those occupied by the Risley prism. Therefore, combinatiins
of the Risley unit and the auxiliary fixed prisms cannot be regarded as equivalent to the algebrai
sum of their nominal powers when used for near vision tests.

In eye refractors that include a Stevens phorometer, the situation is somewhat wir,,c.
since this device is invariably located in front of the Risley prisms.

It is not surprising, therefore, that several clinical studies involving near phoria measure-
ments (Lederer and Pearson 1945) have shown that results obtained with direct-reading
nonprismatic instruments, such as the Maddox Wing, which measure the angle of ocular rotaton.
are almost invariably lower than those obtained with techniques that involve the use of prisms
placed some distance in front of the eyes of the same patients.

O'

1 6

FIG 3-14 The effective power of a prism
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x utomated Instrumentation for the Examination of the Eye
Recent developments in electronics, electromechanics, and electro-optics, and the availa-

tjltl, of small inexpensive computers have resulted in the development of new concepts in
instrumentation for the examination of the eye. The new instruments being offered to the
c* ee-care professions include a collection of automatic objective optometers, perimeters,
c.,e-moement recorders, case-history evaluation and recording systems, and at least two eye
rcfractors

The conventional technique for measuring refractive errors is to estimate their magnitude
bt means of retinoscopy, which is followed by subjective refraction. The latter method is still by
far the most accurate technique available. However, alternative methods of clinical refraction
are being made available to optometrists and ophthalmologsts in the form of fully automated
ohlective optometers. The 'Ophthalmetron' produced by Bausch and Lomb was the first of these
new generation instruments to reach the profession in 1972. It is based upon the principle of
retmoscopy In three seconds a scanning of all meridians of the eye takes place by means of
near-infrared radiation and a recording system produces a sinusoidal graph of the refractive state
tit the eye to the nearest quarter of a diopter. The record for the right eye is printed on one side
of a form; that for the left eye appears on the reverse side. The measurement begins and ends
,t the 800 meridian. The refractive error in sphero-cylindrical form can be evaluated directly
from the printout (Safir, Knoll, and Mohrman 1970; Safir, Hyams, Philpot, and Jagerman 1979;
Knoll. Mohrman, and Maier 1970; Hyams, Safir, and Philpot 1970 and 1971; Knoll and Mohrman
1971) This instrument is no longer in production.

Another instrument in this category is the 'Dioptron' manufactured by Coherent Radiation
ot Palo Alto, Calif. This instrument was based on an idea for an automatic optometer by Bellows
and Borough of Illinois. Their patent claim was filed in 1968 and accepted in 1970. Bellows, an
Illinois ophthalmologist, subsequently sought engineering assistance from the Itek Corp. but was
turned down because of the estimated magnitude of the development costs. Development was
e entually undertaken by a relatively small engineering firm, Tropel Inc., of Fairport, N.Y. The
Dioptron' has finally emerged as a product of Coherent Radiation, whose main interest is lasertechnology. It is a small table instrument whose optical system bears little resemblance to the ori-

ginal concepts of Bello- s and Borough. Alignment of the instrument is effected with a simple
ioystick control system and a vertical adjustment screw. The light source for the alignment sys-

tem is operated by one of two pushbuttons. The alignment target is displayed on a screen above
the body of the instrument. The remaining button initiates the mechanism that refracts the
patient. The standard target in the Dioptron is a Snellen chart, which is viewed binocularly
through an adjustable fogging system to assist in relaxing accommodation. The refraction is
automatically interrupted for 0.15 second during blinks. Cycloplegics are not required. The
instrument may be operated with pupils as small as 2 mm in diameter, and its measuring range is
from -10 to + 15 diopters. The manufacturers claim the instrument is accurate to 0.25 diopter on
power and 5' on axis for cylinders greater than 0.50 diopter and 100 for cylinders of lower power.
The optical system is based on the principle of the lensometer. An image is projected onto the
retina by means of a movable lens. A second system views the sharpness of the image by means
of a focus detector. The focus detector, under computer control, operates a servomotor that
moves the lens to the position of best focus. This procedure is repeated in several meridians and
the measurements are analyzed by means of the computer which prints out the results in standard
notation with a confidence factor which may vary from 0.10 in the case of difficult refractions to
0i 90 if the results are highly repeatable. o . 4

A preliminary report on the clinical efficiency of the Dioptron has been published by the
manufacturers, Coherent Radiation (1973). Two independent studies have been made by Sloan
and Poise (1974) and Poise and Kerr (1975). Poise and Kerr demonstrated a high degree of
correlation between instrument prescriptions and those obtained by means of conventional tech-
niques. They estimated that the time required for the instrument to write a prescription was
about 5 minutes per patient. Their results showed lower levels of accuracy in the case of eyes
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with substantial amounts of astigmatism, especially if the axes were oblique They found that h,:

computed confidence factor is of only marginal value in predicting measurement accurac% ILh:,

draw attention to other limitations of the instrument. Measurement of residual ametrp,;,

through spectacle or other contact lenses is not possible because reflections at the lens surt,. ,

create excessive noise in the detection system. Poise and Kerr conclude that the lioptron is not ,1

replacement for subjective refraction for the purpose of prescribing ophthalmic lenses or ealu,,

ing ocular health. An updated version of the instrument, 1)ioptron II. was released in 1978

The 6600 Auto-refractor was introduced in 1972 and was developed from a patent for i)

automatic optometer filed by Cornsweet and Crane (1967). This optometer utilizes the prink.
of the Scheiner disk (Cornsweet and Crane 1970). The instrument is fitted with a de,.uce 1h, 1

automatically tracks the corneal reflection and maintains alignment during the measuring csc

Satisfactory operation of this device depends on the patient being able to maintain reasonabxh
steady fixation when his head is placed correctly in position. The refraction may be made vith or
without cycloplegics. An array of light-emitting diodes is used to display the current status of the
refractive error in digital form at intervals of 3 seconds. This display permits the operator to

judge the accuracy of the refraction. A hard copy of the refractive error may be obtained in '
form that is easily convertible to standard ophthalmic notation. A clinical report on the instru-
ment has been published by the manufacturers (McTigue and Cornsweet 1973). The sample of
15 subjects used in this study did not contain any strong hyperopes, anyone with high astigma-
tism, or anyone with known pathology.

In users' panel discussions the 6600 Auto-refractor was praised highly as a replacement for
accurate retinoscopy and for the refractive examination of aphakics if the pupil diameter is larger
than 2.5 mm. It was found to be unsatisfactory when moderately advanced cataracts or corneal
disease were present; nor should it be used in the case of advanced corneal dystrophies. Some
users claimed that the instrument had been used successfully over contact lenses. It was unsatis-
factory when the patient was being treated for glaucoma with miotics due to the small pupil, and
in cases of amblyopia with an alternating squint when the patient had eccentric fixation. Users
emphasized the superiority of this instrument over retinoscopy in cases in which the image con-

$ tour of the retinoscopic reflect is distorted. The Auto-refractor was found to be superior to kera-
tometer readings in following the postoperative changes in refraction after cataract extraction.

The Humphrey Vision Analyzer is now available and represents a completely novel con-
cept in eye refractors. It incorporates a complex system of variable-power spherical and cylindrical
lenses. These lenses are the invention of Alvarez and Humphrey. A patent for their first variable
power lens and system was filed in 1967 and accepted in April 1970. The principles of these
lenses are disclosed in their patents, listed in the references below. The Vision analyzer is being
manufactured by Humphrey Instruments Inc. of San Leandro, Calif. It has a continuously %an-
able spherical range from +20.00 to -20.00 diopters readable in 0.12-diopter steps, with a con-
tinuously variable cylindrical range from +8.00 diopters to -8.00 diopters readable in similar
steps. The cylinder axis may be incremented by intervals of I degree. The instrument costs
about $25000 (1977 prices) and allows the clinician to perform a subjective examination in
significantly less time than by conventional procedures. Perhaps the most unique feature of this
instrument is the elimination of all hardware in front of the patient's eyes during the measure-
ment of the static refractive error.

Patents for a new telescopic optometer were awarded to Guyton (1972). The principles

described in this patent have been subsequently developed by American Optical Corp. and have
emerged as the SRIII Subjective Refraction System. This instrument combines the optometer
principle with a co-axial system of movable cylindrical lenses to provide continuously variable
spherocylindrical power across a spherical range of ±20.00 D and a cylindrical range of ±8.00 D
In external appearance the instrument resembles a vision screener. Its most novel feature is the
split-level target system used for the detection and analysis of astigmatism. The patient is
required to focus and align these and other simple targets by means of a knob at the side of the
instrument.
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Chapter 4
COMPUTER-ASSISTED CASE HISTORY

FOR EYE EXAMINATION

tll PRIM .\RN t'RPOSI ol an eye examination is not necessarily a prescription for lenses
-. rh .lii,' naidmum visual acuity, nor is it necessarily for one to relieve eye strain. Implicit

1! ,' c \amniaiton is the search for insidious diseases, but even that may not be per se its
2m ir purpose The goal of an eye examination in our private economy, with free choice
r.Ar ITLitfln. is the satislaclion of the patient. The clinician's aim is to satisfy his patient by doing
,' .:c-r , ncessr' professionally to bring that about. It is correctly assumed that the patient

, i(, he aidised of any present disease processes, especially if they can be arrested or
' ' cr'cd It is often assumed that the patient wants to see as clearly as possible, but this may be
It .rw.irr,intcd assunlption without confirmation.

.\ tesk patients, usually myopes, do not like sharp, clear images. There are many individu-
,l, Aht- would choose less than maximum visual acuity if the alternative is wearing spectacles or
:ntac t lenses Normally, only the patient can make the choice between prosthetic optical

1,, .tual iraining, or even surgery with their costs, inconvenience, pain, and risks on one hand,
mi ihe status quo on the other. (In a military situation where the criterion is performance rather

!.w ,atislacnon, maximum visual acuity may be assumed to provide the basis for maximum per-
t,1rmn1iL. for example on the rifle range.)

The case history gives the clinician the information needed to provide patient satisfaction.
H% dli, ,osure of the patient's chief complaint or his reason for having an eye examination, the
',r,,heri to he solsed is often clearly defined. Secondary complaints yield further problems for

,,,Iwion it the, can he solved along with the chief complaint and are not incompatible. In addi-
,,n. an, s',mptoms must he taken into account. The wishes of the patient, including economic

,ind smetc considerations, are paramount. The case history reveals those wishes.
The case history, in addition to orienting the clinician towards the solution of the patient's

pruhlems, can also provide econom) in the examination. Certain corners can be safely cut on the
hasis of data from the case history. However, other short cuts cannot be made without potential
detriment to the patient For example, visual field tests and ophthalmoscopy should never be
h.pased because of the danger of overlooking disease, systemic or of the visual system. It is
ques-tionable. however, whether it is economically reasonable to perform extensive testing of the

se% relractivc system on a young adult with 20/15 vision and no complaints.* This type of
patient, often seen in a university clinic, comes in seeking a "check-up."

There are certain key words or phrases in a case history that tell the clinician what the
prhlem is even before all the data from the examination are in. An individual in the 4th to 5th
decade in life who 'can't read the telephone book' or finds his 'arms too short to read the paper'
,hi.iouslk needs a convex-lens presbyopic correction to see clearly at neat. A student who finds

he ,annot read the blackboard, especially if he sits at the rear of the classroom, is probably

*Otic (,f ihe reasons that ophthalmologists spend much less time performing general eye examinations
ir, , iimetirsit. appear% to be based on this principle. The ophthalmologist feels a minimum of data is ade-

sjtc tor patient satisfaction. whereas the optometrist often tends to believe in a maximum. Once pathological
"r.',.e, ire ruled out it becomes primarily an economic matter, which presumably could be put to a test.
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a myope who is going to need a concave-lens prescription for distance, and so on 0f courc 1h.

eye refraction is still necessary, not only to determine how much spherical power is required 1(.r

each eve, but also the cylindrical lens required to correct any astigmatism.

The case history gives the clinician the chief as well as secondary complaints of the paielni

The cltnician can gauge the strength of these complaints and the degree of the patient,,. desire i..

oercome them, and what he is willing to pay in cosmetic changes, inconvenience. mont,. ,

time for possible solutions to his problems. In automated eye examinations the case hjslor i ii,,

less important. Although the computer may 'not yet be able to use all the subtle inform,isi,

extractable from the case history (because of the short cuts necessitated by the use of the .o

puter), it is no less important than in manual examination. Any additional examination time uu

ally costs the patient no more than his own time. Most patients do not consider their tnme ,

being as valuable as a doctor's, especially if they (rather than a third party) are paying for the ser

vice With the development of subtleties in the flow charts, the time required for ,arious parts i,,

the computer-assisted examination should be reduced and approach that required fr

manual examination.
The case history allows the clinician at the conclusion of the computer-assisted ctc eani-

nation to accept, modify, or reject the recommended prescription determined by the computer.
which can be programmed for maximum visual acuity. low well does the computer obtain the
necessary information from the patient? The answer was obtained on a number of patients. first
in a computer-simulated interview, in which the branching program questions were read friim
cards. Later, when the hardware and software became available, the actual computerized ,crsion
was administered (Marg et al. 1972). Before discussion of our case history-taker, a discussion of

medical studies in this field is appropriate.

Automated Medical Case Histories

Long before the advent of computers on the health scene it was recognized that the
recording of a medical case history might be done in a way to reduce the time required of the
physician. Various schemes have been used. Check lists have been given to patients to mark the
indicated responses either alone or with the aid of a nurse-receptionist. Some of these lists could
be automatically processed. One version uses questions printed on standard computer punch
cards which the patient separates into two boxes, one for yes and the other for o. The cards are
later fed into a card reader for batch computer processing.

In principle an interactive, branching program case history should be superior Branching
allows the flushing out of details of a problem as a human interviewer would do, with the skipping
of the detailed questions that are not germane for a particular patient. Interaction with an on-line

computer allows ,epetition of questions and fuller explanations where necessary. Warner
V. Slack has pioneered in automated branching medical case histories. He generates the questions
in printed form on the face of a cathode-ray tube. In addition to general medical interviews he
has reported results on interviews for medical specialties such as allergy and gynecology. Slack
and his colleagues (Slack et al. 1966, Slack and van Cura 1968, Slack 1969) find that the
computer-conducted case histories are more complete than comparable ones obtained in the con-
ventional way by a physician. The computer interview takes longer, but it is estimated that a
comparably complete history taken by a physician would take equally long. Slack and van Cura
(1968) report that the method is well accepted by patients. In fact, it was preferred to a clinician",
interview by women taking the gynecological program because they felt less sensitive in respond-
ing to a machine about questions which if posed by a physician might embarrass them
Of course, initial acceptance can be biased by the novelty of the situation and the personal atten-
tion given subjects in an experiment, the so-called Hawthorne effect of industrial engineering.

Grossman et al. (1971) have analyzed a computer-based general medical interview pro-
gram in regard to both patient and physician acceptance. Generally the patient accepts the
method well but not the physician, apparently because he has been trained in a different way
The physician asks questions during an interview searching for the problem while making tenta-
tive possible differential diagnoses. While he may not be as systematic and thorough, he is all
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,•hiic mal,'ng alternali.e hipotheses in the course of getting to the heart of the problem. If
ishdcU a printout inlers le he still goes through this process. lie may feel he is saving

!in i n d is forced to use cold, second-hand information with a loss of nuances.
\ though a number o1 companies ha',e offered computer-based interviewers in the past,

,r,,,r ,nt l none has %,urus ed, doubtless because of a lack of physician acceptance. Searl Medi-
. ad computer-hased on-line multiphasic examination system incorporating a case history

,n, s still i use ar(und the countr% 1t consists of a slide-presented carousel display (four to
'IteI1 that allows up it about 3(X) separate displays of multiple-choice questions. The

pr,,gram is on-line as the first in the multiphasic test series. Although this test has
. i ,jiilahlc. it has not (no more than the rest of the multiphasic examination) won gen-

Iin acceptance. in part because there is doubt that multiphasic examinations are cost
( 1 tur dcsign of a Lase-histor ,, interview system for eye examinations (Marg et al.

C', ,, haseld ol the assumptionis that the patient could not necessarily see to read (at least
11cr1 ticexamination) and that he could not effectively use a teletypewriter keyboard. The
, werc presented oer a loudspeaker from a prerecorded audiomagnetic tape controlled by
I'pulIer rhe patient responded b.% means of three pushbuttons on an answer box labeled

i,,h ,r,, and o I(Plate B) Before the patient was seated at the loudspeaker and answer box,
i t ped in ( ia the teletypewriter) the patient's name, age, sex, occupation, and so

Initall', the pushbution box had an extra pushbutton to enter the response of
i ,h three buttons mentioned earlier Later the entry button was eliminated, along with a

signal light which extinguished to indicate acceptance by the computer.
-.ach of the three buttons was used for different shades of meaning. The yes button also

Aad used for 'sometimes.' Doubtful also meant 'don't know,' 'don't understand,' or 'repeat'. No
,uld also mean 'not applicable.' This procedure differed from previous medical case histories in
that the questions were presented in an audio rather than visual written mode. The advantage is
th,at the interview could be given to a patient who was effectively blind or illiterate. A price paid
hr audio presentation was that only single questions could be asked at a time instead of the possi-
hilhti of a half dozen questions presented simultaneously with a separate pushbutton for each
2,wcr .nother departure from past practices was the simplification of responses into three yes,
, rm,/ and no instead of separate responses for shades of meaning distinguishing between

I, 'i know , don't understand, and repeat. Multiple-choice questions which were simple with a
riiulipushhuitiin slide display were not possible here. The decision for the simplified audio sys-
,:m Ais also influenced by the greater simplicity of the hardware available at that time, which was
huilt with a standard solenoid-operated reel-to-reel or cassette tape recorder.

Hardware
Ihe system was controlled by a Digital Equipment Corp. PDP-8/E, although initially a

PI)P-8/l was used The computer I/O equipment included a teletypewriter, a two-track stereo
ric clt,-reel tape recorder which was solenoid operated, and the response box described earlier.
Ih.c response box was interfaced with the computer through the static input buffer. Although the ,
r,,grams were stored on a magnetic disk, this storage mode was used for convenience, since the
til, I system was planned without it. A disk would be needed only if multiprocessing or timeshar-
ni for more than one interview at a time were to be developed. The core memory consisted of
4K 12-hit words and a 1.5 Msec memory access time. The static input buffer and the

o,tr output buffer each used three of the 12 bits available.
rhe vocally recorded questions were on one of the two parallel tape tracks; the other car-

ricd prerecorded pulse sequences for control of the tape positioning. The sequential binary-coded
,ihsulute addresses were spaced at about 0.5-sec intervals. These addresses were converted to
,hgial form and used in a control procedure which allowed the positioning or repositioning of the

i,1pe at any desired address. The operation of the recorder was initiated through the static output
huffer which could select four states, namely, play (slow forward), reverse (fast backward), fast
,i,,ruard. and stop. The verbal messages were recorded in the sequence of the branching program
ind access was generally accomplished within a few seconds after the last response. .
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t inpult r P'rugramt

Itic tiril juiput (of [he program produced at list of positive and negative responses describ-
pxii s %iual siatus i g 4 It The inputs were the question list, the algorithms for

iii ohe que'~iions. and the oi-line responses of the patient as the interview proceeded. Trhe
1,:, iisi it anwers was organi/ed lor use in coded form as input to subsequent parts of the
\.imlfliiuon and ilso expanded text lorm ats at narrative or summary outline case history for

INITIALIZATION
SET LUP WORKING LIST TO INCLUDE
ALL QUESTIONS ALWAYS ASKED

OBTAIN PATIENTS NAME, ETC.

LOOK AT ADDRESS WORD

END YESSORT QUESTIONS
OF awTABULATE

LISTPR~INT RESULTS

NO PUNCH ANSWERS

USING PATIENTS NAM~E, SIGNAL ATTENDANT

sto'iA YESr YESDAT LIS WLIS

COTNEWDUTIONS ANSWE SAP CN QUESTION AS

FROM ATA SOCIC AND AD TO ' AIS TOMNNTDUT

GETISTARTINANANAVETOPPIN

PLAY 4-I.ON go eh~r NlOwcat
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The branching program was initially set up with two lists. One consisted of all tlIle 4u,

(ions along with pertinent information about each question such as its location on audio tapc .nIl

sublists of questions to follow dependent on the patient's response. The other list con,,sici I

basic questions which were invariably asked. It formed the basis for departure in operating !Ii-

program.
The control program updated the original list of questions forming a working list As,,,

ated with each question was a v", h. and a no hsi composed of the question numbers t) he ;,ddcd

to the working list in the event of a ves Dr no answer. The working list grew during the run st,r:

ing as the initial list of questions. Later it became the list of questions still to he asked. Ind

finally a record of those asked. The yes and/or no lists would be empty for nonhran~iini

questions. They served to obtain the required data but did not alter the question flow

Operation
At the beginning the patient was instructed by a recording over the loudspeaker on h,"

respond to the questions. When the doubi/id button was pressed the question was repeated I1K,
program moved on to the next question following three doubtful responses alter storing th,

appropriate number. After the dynamically up-dated working list of questions was LompIeti

processed, the program presented once more any of the missed questions. Any answers "uld

be used to update the working list.

The Case-history Interview Program

When our work in this field was started we could find no systematic study of case hislr
questions in eye examinations. A few textbooks give some generalities based on the clinical
experience of the author, but no experimental investigations were found in the literature ',C.
too, had to use clinical experience as our guide.

The program, which is shown in Appendix I, consists of almost 200 questions. The. ,,re
organized into a branching program where the patient's response to a question determines the
next question to be presented. Some of the questions are generic ones. They raise a general
question which if answered affirmatively elicits a series of clarifying and quantifying questions on
subtopics. If the basic question is answered negatively, all the satellite questions under it arc
skipped. Some of the major generic questions are: Are you troubled in any way with blurred
vision? Hlave you headaches, eye pain or eye strain, or fatigue? Do your eyes burn. smart. itch
or tear, or otherwise feel irritated? Have you ever had crossed eyes or an eye that turned ou

Are there other abnormal things about your vision that bother you' Hlave you an eye disease'
Are you at present under the care of a physician for anything? Do you wear contact lenses'
Have you ever worn glasses to correct your vision? Do you want spare glasses or
special-purpose glasses?

The questions should not be considered fixed and final but as a base from which to make
modifications, especially expansions. Different populations may require different questions or a0
least different emphasis and phraseology. Even common attitudes of the times can give different
connotations to words that can distort the intended meaning.

Clinical Trials

Before the hardware and software were available, a preliminary version of the question-
naire was typed on file cards and administered manually to 53 clinic patients. The patients were
asked the questions verbally, following the cards in the branching program in a manner simulating
an automatic interview. The patient's responses were restricted to the three pushbutton

answers. This shakedown trial proved to be valuable because the need to change the phraseolog'
of some of the questions became obvious. Connotations of words were sometimes criticalk
important. For example, initially the patient was asked if he was taking any drugs. In a univer-
sity community during this period, drugs could mean not only chemicals in the pharmacopocia
but also hallucinogens and narcotics. The question was modified to ask 'Are you taking any
"form of medication?'

70



I'

\nriher point tht seemed ohviou, after the fact was discovered rorm the preliminary tri-
S lb,- hUin,in J111i0,111 has 1l." hesitation in askiig a patient if she is pregnant. fie does not

In•. 11, pising this question he is making at least two decisions that must be explicitly pro-
,,.d in1 i automaticl. ,,stn ( I ) the patient is female, and (2) she is of childbearing age.
.: '!1, Niripic. ,incC eCen 1 it Should not he %lisualls apparent, there is no reason that the ori-
.Wrin.,. nfo.hrmiioll In the patieinl's age and sex should not he noted correctly. The
SJ urk:s iore judgment Biologicall[, childhearing age spans the 12th up to about the 50th

1 , l,, ' ,.'r there nia%, he some reluciance to ask t 12-year old girl the question since the first
I, In our societ% has coniink clrn after 16 to 18 years of age. Similarly. at the other

SI. ,.il,.. it ohg he considered ungallant not to ask it postmenopause patient the question,

,id he I, hort of heing octogenarian
Th: i1pri', ed ,ersion of the questionnaire was recorded on tape and was administered to

Ah i %h lunieered for the additional interview. The same patients were also inter-

h. ,, Jhiniimis. who did not know that their case histories were being compared with those
m,. "'MlpuIer rhe results of the two series were compared and judged on the following

, , , i, I m plction time. (2) determitation of chief complaint, (3) determination of
-.dij, , il iopniins. i41 strength of reported distress, need. desire, and (5) patient understand-

IC hintinid c.asC histor aseraged a completion time of 25 minutes with a range of 15

' mliLtes Part of the time was lost in waiting for the next question, especially when the sys-
se 1JrLh for i question which was out of the order of normal sequence. This problem

. .,c 'rrne h, improed hardware The only limitation in this regard is cost. Two or more
Allcr . he used so as to be ready to play as soon as an answer to the previous question is

.Ilj ' peech-s nthesiing techniques or multiple-track recorders can be employed but their
r..,it ,,t .ire too high for some 200 questions if one is to have a reasonably economical sys-
S(rrcntl 16K hits of memory are required for each second of digitally based speech. This

in ,.,,tn'imic approuach for long messages, but new developments in speech synthesis point

.xpensie siolutions in the near future

t.he length of time required for the automated case history can be reduced in other ways.

\ lIh presented multiple-choice questions are faster. The fact remains. as has been shown in
'i 1,I,,Jl ntersuews mentioned earlier, that automatic systems devised to date intrinsically take

1'01,,. h LINC Whe do not take full advantage of the shortcuts taken by a clinician and they are
, . oniplete It c.an be argued that they Lire unnecessarily complete but it can be countered that

Srth being thorough in the health field where the significance of data is not always immedi-

()ur iaped automatic system was relatively slow between questions. In the worst case it

-,k rlost ,I minute, but that was not typical. The average question with 12.8 syllables took 4

present, and the response took I 8 sec. When the patient had difficulty responding to a

.'I ,. nhe time averaged about I I sec with a range of 4 to 25 sec. The overall response time
1,, 8 sec. which is close to the 7-sec response line reported by Slack el al. (1966).

rhe prigram can, of course, be lengthened or shortened. It can be lengthened by the

t.'',ri (It questions to bring out finer shades of meaning, or it can be shortened to take less . a

It it were easily possible to prejudge tne intelligence of the patient, more than one ques-

nri Ire. uuld he used The administration time and the completeness of the interview could be
.,,i'rred ,*ith a higher intellectual level of questions. It also might be possible to reduce the

,ine taken for the interview by the use of physiological responses rather than voluntary responses

.id pushbuttons These responses might include reaction time and heart-rate (Slack
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1971) its well as respiration and galvanic skin response. This approach was tried hN Iluing

Marg (1973) and the data were found wanting Only the eyelid blink had an predicr', c,,

but it was not predictive enough to he used in a practical system Multiple-choice question,

reduce the time required hut it is not practicable to present such questions verhally

(Ihoel ( "ompluiol

In three cases out of' twenty-seven the computer failed to determine the chief cimpl,w):

(reason for coming). The first example was a student who wanted the experience of in ! ,

examination since he was contemplating entering oplomelry school. The second returned jttcr

previous examination in the clinic in response to being told to return at a later date to he,. ti,

fundus reexamined. The third patient arrived because he had experienced transient amauri s,
None of these reasons was covered in our questionnaire at the time The student Al ,

simpls wanted the experience had an extraordinary reason, but the other two should hazy hc n
identified. Subsequent versions of' the case history include many more possibilities, hut no douht

further unforeseen complaints will surface and appropriate questions will he needed. Such oro,
sions do not invalidate the automatic methods since the number of programmithle queti,r
virtually unlimited. For improved coverage, experience will he needed with particular groups mt

patients who are to be served in their normal ensironment Easy editing of the program i,, Thu,

an important part of any system, requiring t high-level computer language

S('(il f ln't (o1iplalnis

The computer elicited 131 secondary complaints, or an average of 4.3 per patient. It sas
superior to the clinicians perhaps because they did not bother to seek them or did not bother to
record those they heard. Thirty of the secondary complaints had to do with asthenopia.

In some instances the secondary complaints were not supported by the actions ul thi
patients, which indicates a lack of validity. For example, 90/ of the patients mentioned desircs
for new ophthalmic materials such as lenses, frames, and contact lenses, but most patients %hcn
questioned verbally did not want to purchase such materials. Apparently the attitude LiLkd
monetary support.

Twenty secondary complaints were discovered by clinicians that the computer system failed
to identify. Eleven of them were missed because relevant questions were not included in the s-
ten. Three involved the names of drugs and one an illness which could he typed in on h t ,.
typewriter but not easily fitted into a branching program of reasonable size If more questions ire
available, there is less possibility of the patient becoming frustrated because he feel, he
is not getting his message through. However, too many questions would require too long
period of patient-machine interaction.

lrigreo, Vectd. or Desire
An important aspect of the eye examination which is mastered by the human chnmcit i,

the gauging of the importance of the complaint or desire reported in response to question, I-or

example, a patient who says he would like contact lenses must be carefully questioned to deter-
mine whether he wants them enough to warrant the expense, nuisance, and transtent discomlort
of fitting. Patients may say their eyes are irritated from reading, but the distinction between ,in
actual source of discomfort and a relatively unimportant complaint must he made. The hurnn
interviewer looks for signs of the strength or severity of the complaint. lie may find them in %et
hal as well as nonverbal behavior during the response. These cues are denied to the computer It
may he possible to use polygraphic (lie detector) techniques to clarify this point, but our experi-
ence with these methods do not encourage us in this regard (Hung and Marg 1973i
A human interviewer draws out the patient. He points out the costs and inconveniences of con-
tact lenses, and asks if the eye irritation is severe enough to make the patient cease reading or
sewing. Similar questions would enable the computer system to analyze patient responses in th.
same way and should be used in these programs.
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hodil'in lO111laO. depending on) timn IfI intttioti. aniswers tire patient's question,,
i, i him a better 1,n1derSt.ndIfig of %arlous conlCpts1 Inl relation toi his %sUal lunc-

11COLCsN includes explaining words or conceptIS Ll unailihar to sonmc patients Such
j; j, or alternate term,, suIch as 01111M filhICI101. are oltei [lot understood bs the

it i, ossihle ito programn the case-histor\ taker to gise explanations of these terms if "they
6,CINtestod For example, fllorwing at douhit'Ll response toi the q~uestionl Have you

11(L,if lar I'.pertNsion a further and detailed explanation could be available bef'ore
rtst the iginal question for another response [he comiputer would tutor the patient
h~ tumanlj Intersiewer dJoes, when he has the time, patience, and( inclination.

it h nipt'ler acs-histor% taker works Ini an ophthfalmic examination, case-history taking
, utenerall% \er short [he computer generall% takes moire than 15 minutes. It nm
relw bether it t akes the doictor as long to) goi over the printout oft the computeried ease

it does to, taike it de- Pioo In iother words, is the computeri/ed ease history. cost
eIt eCArl\ w no Id tl be It the patirent's time were considered ats valuable as the doctor s.

i, r,;t i-to(rget or lhe equation of esaluatnon that at compfuterized case histor ' provides at
'r it Ut I he patientis reconrd is stored safely in the databank. ready for review

!ioel it is rcalled ( nmpleteness. t horough ness, rapid access, and] excellent legibility are
,ertjtnk worth considering However, unlike the case for cost effectiveness in computerized sub-
ect'%e e L examination, that for computerized case history has yet to be established.
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Chlapter 5

V \I'IRIEN(TS V ITii MOI)LLAR EYE EXAMINATION

Robert 1). Reinecke
o I ini, l~pe i, to iiiliie im epcricihes in) deskeloping a modular

, h~Oil 'h~iI( ictif' imid negaike idisidtttxagcsl [lie general thrust
01L11 .ppi)I.Ahl AMi lAiges'1kill eic-exsanining 1'acilit. where maximumn
I jII- II II rIdIJ'I needs1 II heC mes'hed wkit ll iclini Utiliiation ol' (he most

'J'11k enCI 111C ertlr toitins itt a prepLinned mainer

1111 Kt ii'Ic ATi des~rihed ( ,uIetineS 1must he slet Up h', all health pro-

I h.i Cc wkhit kind itl patient hased on this hpc ol' data. In most

okLld he 01,t TC Iphthii,11loigiSt wiiulld See all potcrntiially diseased

y ~jkl ik (4r I i trictioti deki~e5 and prohlemis, and patients with

c % li'~cxC I,%,old he iCtulrlitd [Ii the general practitioner. I hie triage f'ormnula-

II.-ICe 1h,1i \%A Lsed In Nioh a ceiting at the Ilarkrard (ommjunit Health Plan,
Aj ine iiii tm iiii is pe (It "peritiot i t is essential that optometrist and

rji ill is pe' "I triage! hack and forth hetween the two groups of' profession-
A11i1 he: Urderireiied in) tm wAt\ O ther means ol' triage can douhtless he

d I 'seN ,\pic-cd here were in complete accord with the prof'essionals

i~liii 'ICIIIII [it not prepirid health groups. hoth the iiptometrist and the

ii erl*.i tpatients, ind lihre will certarols he no ciimpetition between

h, i-i he 101 tied 1i 11rC MijIse Ifhe trY is lhe term module, wkhich will he
iv .'1hCgnIirI-I 0 thc uttnite CIC- ,ii unit I or es~anple. anl automatled
i IA < d !-, omtrsrlrd neri sUOI h1i ndle, a retrciimeter another. [he second

iiheIweriI dtit'i oIlcciii aind deisioitimikitig arid delivered sersices This

h1I ACukCT w M e ndiAI IIiCt.Iirc and State liws relating to professional

!1/ r 1 i iiHIT etrd\,ossie hase spe~itic featu- .s inl their laws that
iI,0n:kinid I- phsiluki fIt " is atiples () medical care, whereas iither

tiiir ins irergijtted sitmpis as data coltectiot and no f'urther

it, ei Isldti ilit"I siihe ,r mosiit iilstiies either an iiphthalmolo-

I; T ,'ill h ii l i rIj Ijitjttei~te 5kiti skipcrs iting other ajCtisities. so that. get-

i ~~~i siisisd ItwCsci . it is, iportanlt to distinguish among the

r)i CP1 .!! H ie ire ,hicslise lie nini (If ciillectinig the data, the more

isc oiiiIco iii tiler the liretin (A' a L,_scr-traincd idividual On the

Ctiitic de~gree N, kkho( dt ;Aptit lijr forth if data collectiiin is uncertain iir iii

ii is. detinid ai highkisrined idisidual to make that data ctillection Inl
....I ilhe d ii llekcti(o has~jl I, (ii 1 wih ese care Call )C sufficiCntl svstemnatlid to

t-1ie hk wninil trined persinutel Iiwese,.r. thi does not in any way reduce

tsj ironmed superkisit i (1such data, 1colton to insure adequate qualit% control.
n!the degree (i training required for competence in itmalysis of' the data.
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Ifie secondi itemt "oorth% if clIifitLatiOtl is thait health-maintenarke Irg~ini/aion, ic

i)Li15 geared 10i CfliCCti\C utill/Iiati Of the concept (of moidulair e',e examinattion. in i f,j til

l% O\n experienice in modulair exainaif~tion Aiis Ohiiilecd in such j ,ctting lcih-iaitr.'

organhl/ationls ire [out it [nes concept, Iasicall [thces ire prepaid ijalth-insurance sclicnic, ,I

sort hlm it bas been in operation for mnv s itrs but rCtLsI hakse been popular1/ed UlldcT

termilell-~ilelt~ organi/atiiins or 11IN stIs lo\Aeser, prepaid HiSnslie Jrche'-'

S51MMU nwsmlssith HIM(s, for large prepaid health flans has e considered ,iitd %sill Ucilsidcl I t\li

.Is means,, separate f~ront thenmselvyes, of' central t/ing the health -deli 5 Cr5%5CF5 ices to t heir nicrithc',

Our nmodular-examulation experience seenms applicable to both the preCpaid it1SUrice .ind 1l\1i)

setnsBut that does not mean that the modular concept is alssays appropriate or niOst eConw~li.

cal fkir either prepaid systems
The main advantages claimed f'or I IMs are their cost effectis eness and] their guairaivct

as atlabilit\ of'services to the user at at set prepaid lece. -The usual strateg is to enipli u pbh sI-
and to make every attempt to increase the etltetencN of' these dloctors hs generous Use Of pri1dMe,

ical personnel. The model of nurse practitioners in the pediatric clinic is such an lsm i I

general, use (If' these paramedics hats pros ed to he useful. jpartiCUlkirl% in sx iking AsIith hc ilih

c hidre n.
In the IJM0's consideration of' eye care, then, ecoinomic factors, are if plrimary nrip'r.

tane Since the salary scales f'or ophthalmologists, optoime tri sts. iopticiansm. t echIici" ails il
nurses vary in proIportion to their training and experience, the planners oif' the 11100 s t kI

wish to maximize the talents of' the lowest-paid individuals. Yet the planners Ofi the unT muLI!
also provside medical and surgical eye care as vvell its other c ' e services to the grolup I bus. iii)

tiphthalmologist is tdten the first of' the eye team to bectnme employ ed hb' this I ' pe of group V'
the outset, the ophthalmoltgist can take care (If' a reasonable patient load -1 picalli t \ lie e\ e cditil
load in such an institution grows rapidly and the increased demands placed omn it require plann no

fttr expatnsiotn to be made and implemented. In this chapter, I shall tr to Outline iotnie "t, iii
wshich modular eye examinations have been f'ound to be helpful in such a situation.

Automation is certainly an important ctnsideration in settitig up at modular unit Soi0M
otbservers consider automatioln and ectonomy as synonymilus. Fxpertette dfoes riot bear theml (Li!,
ats we shall see.

Outline of the Problem

When vwe conceptualtie the e ' e examination ii modular steps. sse have tsso baisic geiis
in mnd. (1) (in the basis of various modular stations, the patient miust be triaged to thle 1105!l

effective primfessional f'or final analysis ttf' the dlata . and (21 wheni the patient reaches tha l toes

stonal. the data must be readily accessible so the professional requires only iu minoium1 o1 ILtthr

dlata collection bef'ore dlecisionmaking and treatment or otther serv ices are utndertaken
I et us then consider five typical modules. history taking, \isual-acuttilmd slereopsis

nmeasuiremett visual-field measurement. ret ractirin measurement, ind intriricular pressure deter
mninattoti rhe reason for considering these modules first ts that manl devices has e been)
dev eloped to test these parameters that make them particularly suitable f'or contsideramtio toi
Moudular units, and they are also pertinent f'or operation hr technicianis rather than prof'essionils

It hits (ur goal to develop at history-taking device that would be compatible %xitfi our
dlata-to-storage and data-displaying device. It turned out ultimately that (our preoIccupatiion \oi1l1
this device and other aspects of' automation was actually a mistake, but at brief revie\x o1 the
attempt illustrates some of the less-than -obvious problems involved.

A cathode-ray-tube (CRT)-i.e.. television -like -display was used to showx in sequenceI
series of history-taking questions for the patient. The sequence was developed via a branchitng
technique, in which positive or negative responses to a question would lead the computer to select
the next appropriate question or proceed to the next logical consideration of' the history
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',eserel de,.ices currently on the market utilize various means of presentation of this type
.r icrle,, I0 a subject Obviously, if a patient has serious visual problems it might be appropriate
1*%, these questions available in the audio format as well. (Anyone who has had experience
, n me % clinic, however. would recognize that the majority of patients have relatively good

r i. it in at least one eye, hence, the audio format is not a high priority.) What initially prompted
c~ the ('R I was iiur concern with the objectivity of the history taking. Our enthusiasm was
d.ampened, however, since we found that it was necessary to have the patient guided

... h the use of the device by the technician in almost every case. Teaching the patient to use
i~n his own was an unproductive didactic venture since it was a one-shot effort for the
incm the final analysis it was quicker to have the technician simply guide the patient

;ghII ain 10.() has a large series of history-taking devices used on a repeat basis throughout
-riiittre taolitts. so that one is assured of repeated use by the same patient, then perhaps the

,nmc pent tet-,hing the patient to use it would be justified.
\tter %e completed these experiments with the CRT method, it became apparent that the

'' tvriiien format would be jiust as appropriate and certainly much more economical. A
•:ltIItt c.(Puld lust as well guide the patient through a series of written questions. Appropriate

,mrk, :ould he used to indicate positiv, or negative responses and a branching technique
,!,I he ikcOrnphished .iust as easily In such a written format the process is somewhat lengthier,
:he net result is immediately available (as opposed to problems of access to a limited number

.. rtptJler terminals), and no computer expense is involved.
It i computer is being used, a variety of clever techniques can be utilized to make the data
, , neater However, these techniques do not greatly increase the efficiency of the pro-

,.dUr,,: I[,r exampie. one could, after the automated refraction is done, have the near visual acu-
mcasured without any near-add and again with the near-add, if warranted by the patient's age.

P,_-:. Je,.sion as to the amount of add would be dictated to the technician by the computer accord-,

,i !, the patient's age and occupation.
What subjects need to be covered in a history? Most books on eye examination detail

:"cm ,in a o-mplete fashion, or a list could be developed by any knowledgeable ophthalmologist or
. ,tneirist Obviously information such as the patient's name and identification number
qr,,priate to that clinic (which in most instances is the Social Security number), address, tele-

n,! number, and birthdate should he included. Answers to a query as to what visual com-
;tnf,, are present can be broken down so that a checklist of no more than five or six accounts for
uri,,, 4 s of the chief complaints A series of questions pertaining to the general health of the
,~Int vould he particularly useful to anyone doing an eye examination and would note such fac-
'i, a , history if diabetes, drug allergies, heart disease. signs and symptoms of brain tumors,

t'cds., and diplopia Items such as specific drug allergies would be displayed prominently or
fltgged ,n the history Items indicating a medical problem would automatically direct that patient
?,,r flIimite triage to the ophthalmologist rather than the family practitioner or the optometrist.
\ t,,rTi tamlt histiry should also be taken, particularly in regard to a family history of glaucoma,
.'' hl,,mus. or cataracts If the patient is a child, then other items are also appropriate, including
hirih height. history on convulsive disorder, developmental problems, reading problems, or

,P'xihc defeits for which the parent might he expected to have some concern in the final discus-
,,n th ut disposition of the patient

I i al 1, t uwt d .Stervopsi .odid. ..

Mam attempts have been made over the years to automate the measurement of visual

i-il \one of them has met with outstanding success. The most effective method still seems
'C Het,, teach a technician how to measure visual acuity. However, the method developed by
sr,,,man, (joodeve. and Marg (1970) and applied by Marg and also by Decker et al. (1975) may

"c .in exception Even that has distinct limitations, for the astute clinician would certainly be able
,uirn many things by measuring the visual acuity himself. If the patient has 20/20 vision

:hrough his present prescription, that fact comprises a significant item in the triage of patients, for
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rcasons Ac shll rc ic%& hcl(oh II the pitl i,i s not 20120 ".isioi1 hut tan .ii .

20/20 with the pinhole visual-acuity test, that too is significant in the triage process. Quahil 0.,

trol is particularly important in the visual acuity module The technician often tends to repw,,

good visual acuity when less that that exists, or else may not encourage the patient Io1 ,1,.

efforts toward good visual acuity which he could easily obtain with a minimum of encouragenicii

At (his same station or at the refraction station, it is usually appropriate to hic !hc

patient's glasses carefully measured. That can be done automatically with some of the ce

refracting instruments, but in any event a technician can easily be trained to obtain most of thu:

significant data from the patient's old glasses. Once again an astute clinician could learn much

more by measuring them himself, but one cannot ordinarily afford this luxury in this 1.,pe ,f

patient management.
At the time of my experience in setting up a modular eye unit, stereopsis measurcmcn

was not utilized as a routine screening-test medium owing to its apparent lack of reliabili, In sujh
applications. Since that time, it has been found that when an appropriate stereo test is used. such

as the Random Dot E, stereo-based visual screening is, in fact, very reliable, especially for dctct-
ing amblyopia and the more serious ocular motility problems. (This particular test is noteworth.,

in that it can be used with young children whom it is often difficult or impossible to test rehiahik
with most visual-acuity measures.) Thus, stereo screening should be included along with

visual-acuity testing in this module, by means of a reliable stereo test such as the Random I)it FI
Indeed, it is not only feasible but would be useful-in view of the ease of use and reliabillt of

the Random Dot E type of test-for other members of the health-maintenance organization or

other facility with which the eye care unit is associated to do this screening as well. In view of the
importance of early detection of motility problems in children, local pediatricians and family prac-
tice physicians should also be encouraged to do stereo screening.

3. Visual-field Measurement

Every patient tested in this setting should have his visual field measured with the best
equipment available; otherwise, in our experience, significant pathology may be overlooked. With
this in mind, it should be noted that all the present-day automated field-measuring devices haie
limitations. The manager of such an eye-care facility must insist on quality-control checks Front
time to time a patient with a known visual field defect should be sent through the system in an
unidentifiable or nonflagged manner to provide a check of the technician's skill. The asailable
field-measuring instrumentation is generally good; in our experience, automated field devices \ir-
tually unfailingly detect significant pathology. Patients past the age of ten or so usually cooperate
in the use of field-measurement device and typically they enjoy it.

Any field defect that is noted is used to flag that patient as an appropriate referral to the
ophthalmologist after all the data collection is done. (The patient should complete the basic set of
modules whatever his disposition.) Thus, the decision for triage is not made until the last step, in
the present example, after the intraocular pressure measuring station.

Many patients have some apprehension about not being examined totally by the clinician
High-quality automated devices go a long way toward relieving this apprehension and replacing it
by the feeling that the patient has had the latest in data collection. Moreover, most patient,
believe the) should not waste the professional's time by having the professional collect data. The
patients have achieved this understanding before most professionals have.

4. Retractnon Substation
At the time of our experience, automated refractometers were still very much in the pro-

totype stage. We tested one or two such prototypes and were duly impressed with their produc-
tivity, but I have had little personal experience with their use in this particular setting. I am
nevertheless enthusiastic about them and believe that anyone setting up such a modular examina-

A' tion unit should seriously consider obtaining one of the automated refractometers as a primary
element. Thus, all patients should if possible have refractometer findings, which should be clearl'
entered in the data sheet that accompanies the patient through the several modules. If
some sort of centralized computer data collection is used, the input must be immediate and all the
data collected up to each point in time should be readily available to any examiner.

It would be extremely useful if the patient could be refracted both with and without
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on the relracioneter I1 is easy to write programs for computers to calculate net refractive
.. Aiih ippropriate input of the pati, nt's spectacle correction worn during the examination.

w ,r he patient wears lenses of over +4.00 it would be particularly helpful to have the
,nde oer the patient's glasses, so that precise determination of the new glasses could

' ,."cd without an further consideration of the vertex distance and other variables, flow-
. I -' ,ont-dav rcfractometers usually cannot be used to refract through the patient's glasses.

\ithugh we have been terming this station the refraction station, functionally it is only a
!:.,ironcter ,,ttion "Refraction'" comprises a specific professional task, namely that of using
' l.,io.al data collected at this point to decide whether further refinement is appropriate or

v.Aither the data suffice for the needs of that patient and no further attempts at refraction need
, rnadc thai day We touch on this point furiher when we discuss the refractionist.

'/" ,ia,, r Presiure-pneavuring lodle

ie',ral dcvices now on the market give accurate lOP data if used in the recommended
. nn h a well-trained technician This is actually the perfect setting for such a device, in
Atih mie calt assign one or two technicians to use the same device repeatedly. Such technicians
_C' he,,,me extremely proficient in the use of the device, though again careful quality control
:,X hc maintained to insure that such technicians are performing optimally day after day. The
n,,rc .ophisticated the instrument, the more it is designed for ease of use and thus the greater

e, imptation to use even less trained individuals than previously. Although such individuals
_if hcme proficient in the technical use of the instruments, they usually have little or no sense
:,,r nrappropriate findings We found that such minimally trained technicians were very strongly
'.rripted to find readings always within "normal" levels. They are, of course, alerted to the
mincd i te triage of certain patients on a priority basis. Thus, patients with a pressure of 50 mm
lie ire immediately sent on an emergency basis to the ophthalmologist. But the technician is
,-,isin,Il, embarrassed to find that inappropriate levels of pressure were reported when the
;,t rnt actually turned out to be within normal limits. This embarrassment results in a bias in the
di r ctin ot under-referral and increases the temptation to read all levels of pressure as within
,,rrnl lirnits This tendency has to be carefully and consistently counterreacted, once again by

ctlc~' jqualit.' -control measurements (such as sending a patient of known abnormal IOP
-r ,izh the module) It may sound monotonous to keep reiterating the importance of quality

.,I hut it cannot be overemphasized in a modular context. This fact was repeatedly demon-
<,rrd in our experience Lack of such control fundamentally undermines the whole concept of a
:iidurir examining unit However, if the manager of such a unit is carefully oriented toward
i'r,,priate encouragement of the technician, and toward always avoiding any embarrassing situa-
,ra with regard to over-referral, the "normal" bias can be avoided and the module can be

2\NpCoe td to function in an effective and productive manner.

I riae of Patients

t;p to this point in our modular examination, we have collected the data on the patient's
rr uisual acuity and stereo status, refractometer data, visual field screening, and intraocular

irvcLure this is sufficient information to triage the patient to the ophthalmologist or optometrist.
1,M, uhh a setting this triage is the most logical means of division of responsibility.
Thc !riage of all patients with medical problems should be through the ophthalmologist; that is, ..

!h, patient should not be bypassed, say, to a neurologist, internist, or other professional until the
,phthilmologist has seen the patient. At this point, w'en the data are reviewed, a series of
rireletermined referral paths that are clearly understood by all the professionals involved are to be
tillwed by the technician screening the data. Certain positive responses in the history taking

asuh as pain in the eye, double vision, haloes about lights, and floaters) are obvious measures
tor direct referral to the ophthalmologist. Such patients could certainly be seen first by the
,'plometrist if that were the decision of the eye-care team; but in our experience, the optometrist
would generally refer such patients back to the ophthalmologist, so that it is more advantageous
in this setting for the ophthalmologist to see these patients first. Other formats can certainly be
employed For example, the optometrist might see all the patients before triage; or the ophthal-
rnriogist might see all patients first. Available personnel and the prior agreement would obviously
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dictate the triage criteria. In response to a simple plea for a change of glasses the normal referral
would not be to the ophthalmologist but to the optometrist, provided there is no medical finding
in the history that would obviously refer the patient to the ophthalmologist. Since many medic.l
conditions may affect the refractive status of the patient, it is inappropriate for the optometrist t,
refract these patients prior to the medical clearance. Basic refractometer data already precn',
should become a significant feature in the diagnostic data appropriate to that patient, such as ifn
the case of the refractive status of the diabetic or anisometropia in a patient with a field defect

Visual-acuity data may be used in a similar fashion for triage. There is no general agree-
ment among professionals as to the definitive referral of patients on the basis of visual acuir)
However, in the present setting it makes sense, since all professionals in a modular unit are ltkel\
to be busy and the most effective triage that can be achieved would probably be based on this
simple finding. Once again the availability of personnel and prior agreement among the eye-care
team must dictate triage criteria. The following plan of triage we evolved may or may not he
appropriate in other circumstances. Whenever the pinhole visual acuity was less than 20/25 the
patient was triaged to the ophthalmologist. If the best visual acuity obtained (including pinhole)
is 20/25 or better and no other indications for referral to the ophthalmologist have been found.then this patient, in my opinion, should be referred to the optometrist. Any visual-field delect

found was also cause for triage to the ophthalmologist.
It goes almost without saying that the triage system can be overridden by any of the pro-

fessionals in the group at any time when that is deemed to be in the patient's best interest. For
example, the ophthalmologist may often wish to discharge a patient from his care for, say. one
year; yet he feels it is appropriate for the patient to have a final refraction in 6 weeks. Such a
patient would be asked to go through the basic modules and would then be triaged to the
optometrist (rather than to the ophthalmologist as his data collection would otherwise indicate)
In similar fashion, an optometrist might see some questionable condition that he felt was not yet
an urgent problem but was of sufficient concern to justify asking the ophthalmologist to see the
patient in, say, 2 or 3 months. Such a patient would be asked to come through the modules and
then be triaged to the ophthalmologist even though there was otherwise no indication that such a
triage was necessary.

Intraocular Pressure Measurements
Generally, if the pressures are over 22 mm Hg, the patient should probably be triaged to

the ophthalmologist, although experience with the technicians, testing device, and patient age
group under consideration might vary this criterion in a particular setting. Are we suggesting
intraocular pressure measurements for all patients? Yes, that is the case. All patients who can
cooperate in having an intraocular pressure measurement should be encouraged to have it done
If screening devices are to be used in our modular system, they must be used consistently and on
as wide a base of the population as possible; otherwise, underreferrals will creep in and reliability
will be impaired.

Refractng Substation
Refractive data are not used as a means of referral in most instances except on the basis

of prior agreement or personal wish of one of the professionals involved. For instance, a clinic
might decide that all aphakic patients who come through the first time or any myope over eight
diopters should be referred to the ophthalmologist. Such policies are individual matters to be
decided by the ophthalmologist in consultation with the other members of the visual-care team.

If the patient is an asymptomatic individual who for some reason wants a routine eye
examination and proceeds through the basic modules without any significant data being accumu-
lated that would suggest referral to the optometrist or ophthalmologist, it would be entirely
appropriate to refer this patient back to the family-care physician. It may be difficult for eye-care
professionals to agree with this procedure, but experience shows that with strict adherence to the
procedures that have been discussed, almost no significant ocular-pathology cases will be missed.
One must assume that the other health-care professionals in the entire medical organization will
be doing funduscopy examinations on a regular basis as part of their general physical examination.

. , Thus, some professional consideration must be given to these people and such consideration will
greatly reduce the patient load to both the oPtometrist and ophthalmologist. Many patients, how-
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. il hi',e complaints such as "I want my glasses checked" or"l want a new pair of glasses."
s_11 patients, with no need for referral to the ophthalmologist, would proceed to the optometrist.
,\ 'i, point, he would probably utilize the history and data to do a refraction to ascertain what

tmjt. prcscription should be given. Since the module data are readily at hand, his determinations
,i+i he made quickly and efficiently in most instances, unless specific problems are found. Further
,jr,j onetion may be appropriate to the needs of the ophthalmologist or the optometrist, accord-
.jv t. their personal standards It turns out that the more esoteric the data that are desired, the
Morc caSiky they can be usualv measured in an automated fashion. For example, points of con-
%,rgcnce can easily be automated on various eye-movement tracking devices; so can optokinetic
! ,aigfu,,. color testing, and stereopss.

If a computer is available for calculations, the final refraction check may well be done with
!hc pattCnts old glasses in place. If a refractometer has been used, the patient's old glasses usu-
. illi[ ha,,e been measured in an automated fashion. These data, coupled with the refraction
,'.cr the glasses, can be utilized by a computer to calculate the final prescription in a reasonably
ast and easy fashion. Once the refraction is completed and any other eye problems have been
,irnled h', the optometrist, the patient may be triaged to the optician.

Any form of quality control and management can be effected by the agreement of all the
rtcssionals in the organization Let the ophthalmologist be responsible for quality control of

,hc history taking, intraocular pressure, and field testing; and the optometrist, for quality control
,,t the isual-refractometer and visual acuity-stereopsis modules, as well as quality control of the
,pticid'n services Some patients will be triaged directly to the optician. Such patients will have

perhap, hroken their glasses, or pass through the modules without any evidence or need for triage
ti, the ophthalmologist or optometrist.

In summary, the eye examination can be divided into various modular units. The data
Irm these examinations can be used to triage the patient appropriately to the ophthalmologist,
the ,,piimetrist, the optician, or back to the family-practice physician. Such a system would seem
ti) he ptimally efficient and make maximum use of each individual's particular training. Such a

,otem, in general, is expensive to operate; modularization is not indicated if the patient popula-
tin is small. rather, the most effective arrangement is for the ophthalmologist, optometrist, and
,ptician to work on a carefully controlled person-to-person basis in a way conducive to the best
patient care

The above experiences are dictated in large measure on the basis of experience with this
,pe of eye-examining facility used over two years at the Harvard Community Health Plan. The

unit ceased operation after a bad fire destroyed the resources. The system was not operating on a
sufficiently sound fiscal basis to warrant starting the unit up again at that time. Part of the unit's
operation was to be that of a data-collection laboratory for the use of the general ophthalmologists
in the Boston area. However, they did not make use of the facility for data collection in sufficient
numbers to warrant its continuation for that reason.

Some of the triage procedures mentioned in this chapter may be considered controversial
h', some optometrists and ophthalmologists. Whenever we had an opportunity to discuss
appropriate patients for referral between ophthalmologists and optometrists in fairly large commit- ,
tees on which both groups were adequately represented, the final opinion for cross referral was
generally along the lines emphasized in this chapter. I fully understand the sensitive nature of
this type of problem. One can only admonish all planners of eye-examining facilities to keep the
patient constantly in mind and to cross check repeatedly the quality of the eye care service that
they are delivering, so that patients with eye disease will not be overlooked and the full utilization . :
of all health professionals be maximally attained.
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Chapter 6

COMPUTER-ASSISTED SUBJECTIVE REFRACTION WITH

COMPUTER-ACTUATED REFRACTOR III

Principles of Flow (harts and Trials

l\ 'st BJ[(TIVE eye examination, a series of rules and a battery of tests are used to determine
!he etracne state of the eye. Experienced clinicians have an intuitive feeling for these tests and
hw, the, are used, and usually find it very difficult to analyze what they are doing step by step. It

,htifh~ult to extract or recall all the subtle rules, especially the implicit ones, used in applying

-hee tcsts to a patient No matter how well one thinks a flow chart for a particular test has been
Jeigned. experience often proves there are subtleties not yet considered that must be included to
make the test useful These oversights are readily correctable as a rule, with the help of insights
gained from patient responses.

In contrast to oversights, there is another class of fault or error which is more fundamen-
"al to, omputcrized eye examination. Automated systems in their present form allow for only
imited system-patient interaction. This is a departure from the usual subjective examination that
mis some of the basis for its success. As an example, the clinician does not usually take the

patients word for his refractive error by asking if the letters are clear or blurred, but has the
patient read the line in order to give a test that is directly assessable by the clinician himself. A
,nputer system that cannot do this kind of checking is subject to increased errors; however,
hese errors can be minimized by frequent visual-acuity checks during the examination.

The flow charts consist of a dozen or more subroutines which provide the individual tests
making up the subjective examination. They also include the audio recorder messages and the
, mhols used throughout Not all the flow charts that have been devised are operational. Some
hde been revised and others completely rejected and discarded, having been found wanting in
Jinical trials Some. though included in the list, are not yet implemented. The tests, or

uhroutines, have to be put in some sort of sequence, and this sequence itself is the subject of a
1](i- chart Visual acuity must be measured, and it is also charted.

The human clinician has information from the patient's old prescription and old spectacles,
dan'. and also from retinoscopy. These sources of information provide for him what we have

called ,hieti6e results, and these have been put into a flow chart, to provide the same information
f'ir the omputer If no objective results are available, the computer must start de novo, In this

lase it uses an approximate sphere test in order to find what the approximate spherical error is.
The omputer then makes the usual comparisons of spherical lenses (as in the situation where the
hnman asks "which is better, lens number I or lens number 2?") and these comparisons are

%rfiten up in a sequential spieral test flow chart Before the computer does the radial line or

*This term was devised to distinguish it from the simulaneous spherical tet, which was tried and found
.,afhig It used sphercal lenses, 40.25 DS on the right half and -0.25 DS on the left. Two identical charts
-ere lisplayed. one in the right field and the other in the left The patient could simply move his eye from

're mee 'r the other to change the power and make a virtually simultaneous comparison. In practice the
sequenial spherical test was found to be more accurate (even if not as rapid). apperently because of alignment
jti~cuties in the simultaneous method
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grating test for astigmatism, it is necessary to place convex lenses before the eyes in order to blur
the target somewhat, bringing the astigmatic interval of Sturm forward into the vitreous humor ,t
the eye. This is called the fogging technique, and a flow chart entitled che,' degree ol /,,og '
designed to do that. Next, the cylindrical axis is determined by gratings of different orientation,
and this procedure is also in a flow chart. After the cylindrical axis is determined by the grating
test, the approximate cylindrical axis is sought by the crossed-cylinder test Next. c.lndrLdl
power, using the cross (or, in classic parlance, the crossed) cylinder is determined and the axis io
remeasured for a refined value. Refractor III is capable of providing a bichrome spherical test dnd
a binocular balance test among others, but these tests have not yet been implemented in the pro,.
gramming. The astigmuoc' test Interacton program evaluates the axis values obtained from the
grating astigmatic test and approximate cross cylinder axis test to determine the initial axis ,alue
for the final cross cylinder axis test. The e/flcin-in program allows a correction for the effect'.rr
errors that affect all refractors but are not corrected in any of the conventional ones used today,
Finally, a test for the presbyopic condition takes the positive and negative relative accommoda-
tions, determines an add, and also determines the near visual acuity. These flow charts will no"
be discussed in some detail.

Tape Recorder Messages
The Refractor IIl system has a cartridge recorder with four stereophonic or eight single

channels. It provides long messages on an endless loop. An integrated circuit with appropriate
solid-state memory operating by continuous delta modulation provides the short messages. The
short messages, such as "Number one" and "Number two," are of good telephone quality and
require 16.5K bits per second. The longer messages, which will be changed to solid state when
the necessary memory becomes available or the technology is improved, give instructions for
visual acuity, sequential spherical correction, and the various other tests for which the patient
must have instructions in order to respond. Some of the messages, such as those of encourage-
ment, approbation, and greeting, have not yet been implemented in the programs.

Experience has taught us that in asking for a choice, such as between two lenses, assigning
the top and bottom buttons of the answer box to these alternatives avoids the confusion some
people have in distinguishing right from left. We have found no one who confuses top and bot-
tom yet, although it might well occur in one who has a tenuous grasp of the English language.
The right button is reserved for equality, and the center button is the same throughout all the
tests except for the astigmatic grating test, where it is used to indicate equality. In acuity testing,
each of the four buttons surrounding the central one corresponds to the possible position of the
opening in the Landolt broken ring or C.

Symbols
Computers require symbols as abbreviations for economy of memory. Wherever possible,

the symbols used in computer-assisted eye examination are those traditionally used by the
optometrist, such as OD for right eye, OS for left eye, and OU for both eyes. New symbols have
been devised that are abbreviations not normally needed in eye examinations, such as LC for
letter chart, NA for no astigmatism, NS for near screen, ORX for old Rx, and VAAE for visual
acuity with empirical add. Some symbols are peculiar to the computer aspects of the program.
such as symbols for counters and reaction time. The assignment of symbols to various new con-
cepts was designed to be as mnemonic as possible.

Testing Sequence
One of the first questions arises over what sequence the program should have. For exam-

ple, if there are objective results, such as an old Rx or retinoscopy, how should they be used in
expediting the current examination? As shown in the testing-sequence flow chart, after the
unaided or naked visual acuity is taken for each eye, the computer asks whether objective results
are available. If they are, visual acuity is recorded with each set. The computer chooses the best
objective result giving visual acuity above 20/50 as the starting point for the sequential sphere
test. If no objective results are available, or if none gives an acuity better than 20/50, the
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:1, gos on to the approximate sphere determination first, which would start the refraction
,, , oio The sequential sphere test is used next in either case to check the spherical

,*,r'c., If the objective results include a cylindrical lens, then the axis is checked with the
inder and subsequently the power is also checked with the cross cylinder, which then

ccd, ,, he sequential spherical test to recheck the correctness of the spherical correction. How-
,er it there is no objective cylinder then the grating astigmatic line test is used to find an axis.
I q,, axis is found, the program goes on to the sequential sphere. However, if an axis is found
here. then the power and refined cross cylinder axis are determined before one goes on to the
,equential sphere The final result for distance vision is the suggested Rx and the visual acuity for
each e e is taken through it If the patient is over 39, near tests are performed. If not, the sub-
je te examination is completed.

lhere are two sequences to taking visual acuity, as shown in the visual-acuity tree. The
nr,: i, the aimp sequence. which is the determination of acuity over a large range by a rough scale
.d shelds the general level for a liner determination. The finer determination is the step
,Cquence. which brackets between adjacent lines in order to determine the clinically exact acuity
nmore precisel. In the jump sequence, the Landolt broken ring or C for 20/400 is presented.
9,ssUrme the patient chooses the correct opening two times in succession and the program now
rnose, the slide projector to present a 20/100 target. If the patient now responds incorrectly, the
program enters the step sequence at 20/200. In entering the step sequence, let us say the patient
responds correctl, twice in a row, and the program then presents the 20/100 letter. One incorrect
answer brings back the 20/200 letter, and two correct answers again brings it down to the 20/100
iesel Another incorrect answer fixes it at 201200. Since the probability of guessing a correct
dnswer for each Landolt ring is 25/, the combined probabilities for 6 correct answers come out to !

0 I ', chance of this being an erroneous answer, that is, one which arrived at this endpoint by
guesswork rather than by being valid.*

When calling the visual-acuity subroutine for the jump sequence, the first question is,
roughl> what is the level of visual acuity? Should the jump or the step sequence be called, and
with a ring of what size" If the acuity is equal to 20/400 then obviously the jump sequence must
he followed, but if it is equal to 20/50 then the step sequence would be better, called at the value
()t the best usual acuity Entering the jump sequence at 20/400, assume that the patient makes
two incorrect answers and is continued on the 20/400 Landolt broken ring. A counter keeps track
so that after two additional unsuccessful attempts the visual acuity is recorded as less than 20/400
and the routine ends However, if the 20/400 ring is mastered, then there are two possibilities.
If there have been errors on the 20/400 ring, then the counter would indicate it and the patient
would enter the step routine at 20/200 because he is somewhat uncertain at the 20/400 level.
Howeser. if he has had no such difficulty, he continues with the jump routine at the 20/100 level.
If he fails this he enters the step at the 20/100 level. If he does not fail, the jump continues
down to the 20/50 level Here, failure would raise his level at the jump routine to 20/70, but
success would bring him down to the 20/30 level. From this jump level a step level is entered
either at a higher or lower acuity, depending on the answers of the patient. Correct or incorrect
answe-, change the step to the next one below or above, as the case may be. Six correct
responses at the threshold-acuity level determine the endpoint of the visual-acuity test. The
results are written into the patient's file and the subroutine is ended.

(Thyc' r, v Resualts

In this subroutine, the computer asks whether an old Rx is available, and if it is, measures
that acuity and compares the visual acuity with it relative to the best visual acuity found thus far;-I

'his probability would be modified if the patient knew thai the program never shows the same slide
'we in 4 row If it did. the lack of a slide change would make it obvious that it was the same slide being pro- V
jeod The carousel slide capacity is not large enough to have duplicate slides with the same orientations for
hi's purpose,. but the problem does not seem important,
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.n, w ithout any lenses If the acuity is better, it is flagged in the patient's file. Then the next

.4,,jo ,is asked, is retinoscopy available" and similarly, the computer takes the visual acuity
:rr,,ugh it If the acuity is better than the best acuity thus far, the former value is flagged in the
*,lcnt , tile, and the program goes on to ask whether any other objective results are available,
,,) l if ihe, are, repeats the same acuity-measurement procedure. Ultimately the program goes on

K it elf whether the best visual acuity is better than 20/50, and if it is the sequential sphere
,..,r,,utmf is, called next, with the best objective Rx as the starting point. If it is not, then the
,,pr\ i ~itC sphere subroutine is called, That is the end of the subroutine.

mil Sphere
\, nientioned earlier, this routine is employed only when there are no useful objective
th.,u,!, hat is. with an acuitv _< 20/50. In principle, objective results should always be available.

I t there is no old prescription, one can at least perform retinoscopy; it is working under a
hanii ,ip to start without this basic information. It is not reasonable to pit the computer system
,h,,Ul this piece of data against a human refractionist who has the advantage of objective

, tfir CXadnple retinoscopy However, the computer as well as a human clinician can over-
me his handicap it necessary.

In this flo chart the power factor (PF) is introduced, which is a means of using different
,tie (it step, in the choice of various lenses when larger ones are too gross or finer steps would
i,,kc !m, long, or he less easily discriminable. Initially PF is set anywhere from two to eight,

tcpending tn whether the visual acuity is good, where small steps can be distinguished; or poor,
\,hcrc thel cannot If the acuity is 20/20 or better, then a comparison is made between piano and

1) In this and subsequent flow charts one often sees a diamond with a limitation of +24.50
iN ,r 2t) )S These limits recognize the spherical power range of Refractor II and prevent

icr . tr(im an endless loop occurring if the powers called should exceed those available. In that
,nhkek instance, a diagnostic or error message is issued on the teletypewriter. If number 1 or
.1,c pln n lens is chosen, then the approximate Rx is made equal to the temporary sphere pre-

h the patient, ending the subroutine

(,,ng hack to the beginning, we now assume that the visual acuity was 20/400 or worse.
A ,he power factor is 8, which makes the temporary sphere equal to -0.50 D times the power

i r 4 1) Thus number one is -4 D and number two is +4 D. If the patient prefers
." er one. that is, -4 ). then the temporary spherical correction is set at piano as number one,

, :4 1) as choice number 2 If number I is selected, then the flow chart leads us to change the
, . t,ttr to half of what it was, that is to four, and then sets the temporary spherical correc-

, I ,O 1) times four, which is +6 D. Now the patient is given a choice between number
2 I). and number two. which is -2 D. When the patient has gone through the loops an

i elquate number of times, dividing the power factor by two so that it ultimately becomes one, the
;,ret crrcd ,sphere is set as the approximate spherical power to end the routine.

/ , phc r!(a ( i'rre'( hon

I his is the traditional subjective test for spherical correction where two choices are offered
• ',ient often labeled number one and number two. The line chart is entered, the various

..iers are initialized, and the power factor is set to two. The temporary spherical power is set
i, 'rt ipproiimate spherical power and now the patient is asked which lens makes the letters
,r,r -number one, which is the temporary spherical power, or number two, which is +0.50 D
-rc hased on -0 25 D multiplied by the power factor of 2. If the convex lens is preferred after

"it has gone through various changes and counters, the sequence is repeated with more convex
:*,,,cr Hlowever, if earlier the concave lens section had been traversed, then counter D would be
,t:! it ,ne, which would indicate a bracketing reversal had occurred, and the power factor would
'ht, he reduced to I If this were the first time the plus pathway was traversed, the flow path
, ild go hack to try more plus power until a second reversal occurred (G - 2), the sequential

,pherical correction would be set as found, and the subroutine would end.
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Trying a different path, assume now that the patient prefers the more negative, or less
convex, lens, that is, number one After we go through various counters, the temporary spheiLa!
correction would be changed by -0.50 D times the power factor of two or -1.00 1) If the travers.

ing of this pathway occurs after the patient had been through the convex-lens pathway as origi-
nally described, then counter Z would be set to one and the power factor would be reduced to
one, to provide finer steps for the final determination Ir this way the spherical corretion is
determined much as the clinician does it, using large steps at first and refining the test to naill
steps towards the end.

(heck Degree of Fog
Fogging is used as preparation for the grating or radial-line astigmatic test In order tor

astigmatic lines or gratings to provide correct information about astigmatism. accommodation
must be suppressed and the interval of Sturm (between the two foci of astigmatism in the eye,
brought anteriorly into the vitreous chamber by adding enough plus to drop acuity to 20/40

('0hndrical Axis, Astigmatic Llne
The axis is determined by means of a series o: lines or gratings in the form of three Or

four disks presented simultaneously with different o'ientations. This procedure was deused so
that the patient could choose various axis preferences without the need for more than four slides
Another limitation was to five possible responses, so that the simple response box could be used
If radia' lines with a clock dial were to be used, six responses would be necessary, ,hich is
beyond the limit of the response box. Although twenty-nine different grating slides are in the
carousel and available, only four need be used in any trial to determine the axis within 4-5
The first slide presented shows a grating with an axis of 1350 on the left, 450 on the right. 90 r
vertical at the top, and 1800 or horizontal at the bottom. If all gratings appear equallh dark and
sharp, then the center button is to be pressed, which in this first slide would indicate that there is
no astigmatism. (This is the only routine in which the center button is not used for a repeat M
the instructions.) Assume that the bottom button is depressed to indicate that the patient ha'
chosen the 180 °, or horizontal, lines as the best. The computer chooses the next sode nurhtr.
number 5. This slide presents three gratings, one at the top (1800. the previous choice) and one
each on the left and right to bracket 1800 by +221/ (1571/, and 22/2). The patient noA ha-s the
opportunity to bracket in the 1800 region. Let us assume that he presses the top button, or 1 0i
grating again. The computer now turns to slide number 9, which brackets 180 more tlosef%
( ± 110). If the patient now presses the top button corresponding to I 1° the computer swaItche,,
slide 29, which offers the patient a choice of gratings 5i. ° apart along with lines at 5:.,7. H . and
180" The grating chosen in this case becomes the cylindrical axis or astigmatic line choice

If the patient originally had pressed the cei .er button on the first sl:de which disphised
gratings at the four cardinal directions, then one slide would have sufficed to indicate (hat there
was no astigmatism.

Approximate COlindrical Axis, Cross Cylinder
After the letter chart is entered and everything is initialized (including the countersO, the

patient is asked which lens makes the letters clearer. Number I is a -0.25 DC at a given axis wAith
the cross cylinder placed with one axis coincident. For number 2 the cross cylinder is shifted 9O
If number I is chosen, the procedure is repeated; if number I is chosen the second time then the
approximate axis is set at the temporary axis and that is the end of the routine. However. it
number 2 is chosen, the axis is shifted 450 and the test is tried again. Each time number 2 Is
chosen the axis is shifted another 450 until there have been five trials. Afte- five trials without a
choice it is assumed there is no axis and the approximate axis is set to none. Howevei, if at an*,
one of these axes there does appear to be an effect then the number I route is taken and that sets
the axis. The notation keeps the axis, which is shifting by 45* increments, between 0* and 180',
in accordance with the usual clinical notation: a horizontal axis is 180" (and riot 00) and axes are
never designated as higher in value than 1800.
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/,ndr(al Power. (ross Cylinder
After the usual initialization and message, the first crossed cylinder axis is set to the tem-

porar, axis the temporary cylinder power, -0.25 DC, times the power factor is set at the tem-
porary axis; and the temporary spherical power is set to th approximate spherical power, +0.12
D times the power factor. The patient is then asked whether this, number 1, is better, or whether
number 2 is better. Number 2 includes the second cross cylinder, which is at right angles (90') to
the first crossed cylinder. If the patient decides number I is better, the flow threads its way
through the various rectangles and diamonds back to the main starting rectangle, that is where the
first cross cylinder is set at axis XT. But now the cylinder power is greater since the power factor
has increased by one. The cylinder becomes -0.50 DC and the same procedure is followed. If the
number 2 or equal buttons are pushed then counters K and Z are set to zero and one respectively,
and. provided the power factor is zero, G is then raised to one and the left loop is repeated once
to confirm that no cylinder power is preferred. If cylinder is found, the program exits from the
right loop when the D counter is one, indicating a preference reversal at the approximate cylinder
power, which is then set at -0.25 DC times the power factor. The approximate spherical correc-
tion is set to whatever it was +0.12 D times the power factor, which is the end of the subroutine.

Another pathway could have been traversed. The patient response could have been to
repeat the same choice of lenses, in which case if K were not equal to 2, K would be raised by 1,
presumably from zero to I, and the lens choice repeated. However, if this pathway were
trasersed twice, then K would be equal to 2 and various decision diamonds would be traversed to
reduce the cylinder power and offer another choice of lenses.

Perhaps an explanation should be given of the counters. For example, in the lower right
side of the flow chart there is a diamond that asks whether D - I. This feature, combined with
the flow in the no direction where D - D + I, shows that D is used to indicate whether this dia-
mond has been traversed before. The mechanism is seen at the lower left side, where the ques-
tion is whether G - I. A negative response raises G to one so that the decision diamond indi-
cates the next time that the path has been traversed. When the decision diamond asks whether Z
- I. it has a slightly different purpose. Here it is determining that Z, if it is equal to one, has
been on the other side of this flow chart where Z has been set to one from its initialization value
of tero This feature provides for convergence of the response by bracketing from one side to the
other

I nal (ilindrical Axis, Cross Cylinder

After the initialization, including the setting of counters, long message number 6 is played
and provides the instructions. A decision diamond has already been traversed to avoid playing for
the left eye when it has already played for the right eye. Cross cylinder number I is set at 450
from the temporary axis. If that should turn out to be an axis of 0* or less it is corrected by the
addition of 1800 to it. Lens number 2 is the second cross cylinder, which is shifted 90* in axis
from the first crossed cylinder. The two cross cylinder lenses are used in place of the usual
manual flipping of a single one. If the patient chooses number I then the flow goes past various
counters to rotate the temporary axis by -M/4, which is -10*. Again an adjustment is made if the
axis goes out of the conventional range of I to 180°. The program then returns to the cross
cylnder choice. If number I is chosen again, the cylinder is rotated by another -10°. This pro-
cedure can continue until the counter G is reduced from 6 to 0, which would indicate an error in
the axis, since there is an axis shift with no reversal through 600 and an error message is printed
out

Let us now assume that the patient responds initially by choosing lens number 2 as being
better fie now goes up to six increments, rotating the axis in increments of + 100. Again, the
seventh time indicates an error in the axis.

Assume now there is a reversal. The patient ha been through lens number I being better
and now he reports that lens number 2 is better. In the first instance counter D has been set to 1.
Since D - I, the path sets M equal to half of what it was, resets G to 6, and D to 0. The
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axis is now rotated back 5. We now retrace our steps and assume that for the next choice
number 2 is better. Z is now set to I so that M is now set at half of what it was, which is now 10,
and therefore the axis is rotated in 2/2° increments. This seesawing can continue until the equal
button is pushed twice in succession, at which time the approximate axis is set as the temporary
axis and the subroutine is over. The test may also end when the M counter is 5, that is, just after
the axis of the cylinder is rotated by the smallest increment, 21/2 °. An artist's version of the flow
chart is seen in Plate F.

Astigmatic Test Interaction

The astigmatic test interaction compares the axis obtained by the astigmatic-line
subroutine with that of the approximate-axis cross cylinder subroutine and determines how they
will be integrated in the final recommended prescription. If there is a temporary axis from the
astigmatic line routine, it is set as the first approximate axis. If there is not, the axis is set arbi-
trarily to 1800. These settings provide a basis for the start of the approximate cross cylinder axis
in which the astigmatic axis test is made every 450 over a total range of 1800. If the cross cylinder
determines an axis in this test, it is set as the second approximate axis; if not, a flag is used to
show there is no axis. There are now four possibilities. The astigmatic line could have (I) shown
an axis or (2) not, and the cross cylinder test could have (3) shown an axis or (4) not. The goal
now is to set the approximate axis on the basis of the first or second approximate axes, as deter-
mined in the astigmatic line or cross cylinder tests. If the cross cylinder test shows an approxi-
mate axis and the astigmatic line shows none, then the approximate axis is simply set to

PLATE F. Artist's representation of cross-cylinder flow chart.
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coind one which issued from the cross cylinder test, If the cross cylinder test shows no axis
,j the astigmatic line shows no axis, then the routine goes on to the sequential sphere test. If
.oth tests show an axis and these axes are the same, this value is set as the temporary axis and
:he roune goes on to the cylindrical-power cross cylinder test. However, if they are not the
same. then the temporary axis is set to the cross cylinder axis, the latter being taken as the more
-eilable salue, before going on to the cross cylinder power test. If there is no cross cylinder axis
,ut there is an astigmatic line axis, it becomes the temporary axis.

.\ter the cylindrical power test, if there is no cylinder power, the program goes on to the
sequential sphere routine, but if there is a power, the final axis is set by the final-axis cross
,inder test If the final-axis cross cylinder test produces an axis shift of more than 150, then the
oindrical power and final axis tests are repeated.

%ear 4dd
Vter initialization with the near screen down (i.e., in position for use) and the near pro-

e,-tor switched on. the near visual acuity is measured. Next the empirical add is obtained from
:he memory of the computer in accordance with the age of the subject and the temporary add is

ietai the value of the empirical add. At the same time the power factor is set at two. Long mes-
,age Number 7 is played, which asks the patient to push the top button when the letters are clear,
and the bottom button when the letters are blurred. If the letters are clear, the temporary add is
,nreased bN +0.25 D times the power factor, which in this case would be +0.50 D; the pro-

,edure is repeated until blurring occurs. At that time, it would be expected that the temporary
add would be larger than the empirical add- since they are not equal, the path passes through the
.liamond at the no position. The next decision asks whether the power factor is equal to -1,
which it is not. Passing through the no position, the next diamond asks whether the power factor
i equal to 2. which it is, and it exits at the yes position, setting the power factor to 1, and reduc-
:ng the temporary add by -0.25 D. Again, the patient is asked whether the letters are clear or
blurred If they are now clear again, plus a quarter is added, if they are blurred, the flow comes
Joan through the diamonds and sets the negative relative accommodation at the difference
eueen the temporary and empirical adds. The power factor is now set to -2 and the presenta-

non of lenses now comes in -0.50 D increments. On the next transverse through the vertical
series of diamonds, the power factor of -2 is reset to -1, which represents a change of +0.25 D.
The exit is through the diamond where the power factor - -1 and that sets the positive relative
dccommodation at the temporary add minus the empirical add. With the negative and positive
relative accommodations in the memory, the computer now can set the final add as equal to the
empirical add plus the average of the sum of the positive and negative relative accommodations.
The near visual acuity is now taken with the final add and that is the end of the subroutine. An
additional diamond asks whether the final add is greater than zero. This check insures that no
negative or zero add is offered through some error.

The principle of this test is first to provide the negative relative accommodation by 4
changes in the lens increments in +0.50 D steps, backing off in 0.25 D steps until it is clear, at
which time the value is taken as the negative relative accommodation. Then the power factor is
set to -2 and the positive relative accommodation is advanced in 0.50 D steps until the chart is
blurred At the occurrence of blur the power factor is then set to -1 and the prescription backs 0

off in +0 25 V steps until it is clear again. When it is clear, +0.25 D is added and then the blur
takes it through the -1 power factor decision to set the positive relative accommodation and adjust
the addition

Evaluaris 4

Thiee groups of patient volunteers were examined at the Letterman Army Medical Center
(Marg et al 1977, 1978a. 1978b). Included were active-duty personnel, retired personnel, depen-
dents. and a miscellaneous group including civil-service personnel and students. They were
examined by optometrists using standard refraction procedures (which is termed manual) as well
as by the system.
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In the first evaluation, tests were performed on 78 patients. These were the first sys-
tematic clinical trials after the best efforts at the drawing boards were completed (Marg et al
1977). Eighty-three percent of the distance prescriptions generated by the system at this time
were judged to be satisfactory.

For about half the patients the prescription for present glasses or retinoscopy was entered
into the computer file before testing. The computer used these "objective results" to increase the
speed and reduce the initial uncertainty of the procedure, as does the human clinician. When the
computer system is not provided with objective results it is operating under a relative handicap,
but a special subroutine called "approximate sphere" is automatically called to try and compen.
sate for this lack of information.

The order in which patients were examined manually versus the computer system was
mixed. It was primarily governed by administrative convenience. This order did not seem to be
of any importance.

The results were compared and evaluated (Marg et al. 1977). 7hree categories were used,
the first two of which comprised the Satisfactory group.

1. good agreement: little doubt that the system prescription would be satisfactory;
2. agreement: enough difference to believe that either the system's or the human

clinician's findings or both may be in slight error, but the results would probably be acceptable to
the patient; and

3. unsatisfactory: the system is in error.
The Agreement category may be difficult for some clinicians to accept because some

believe that there is only one satisfactory value for each eye within a quarter of a diopter. If they
could watch students function in an optometry clinic they would observe that the students find
values according to the well-known biases of the instructor who will check and grade them. Some
instructors expect (and their students find) maximum acuity; others may expect more convex
lens, perhaps +0.75, in the same patient, as long as the acuity does not fall below 20/20.
Patients of all these instructors seem, by and large, satisfied regardless of the bias. Our Agree-
ment category reflects this latitude, which should not be considered an error.

In the case of Unsatisfactory, it is important to subcategorize the type of problem. For
example, if it is a hardware or software problem, these "bugs" can be remedied and avoided in
the future. If the problem is in the optometric concepts designed in the flow charts and not a lim-
itation of the method, this too can be remedied by reformulation. However, if the patient
becomes confused and cannot follow instructions or if the patient does not want to accept the
computer system, the remedy is neither apparent nor easy, and for these patients the basic con-
cept may be at fault. This error is fundamental, in contrast to the readily correctable ones men-
tioned above.

Results
The lens prescriptions obtained by the computer are tabulated in Table 6-1. Of the 78

patients, we judged that approximately 83% could be provided with a satisfactory or useful

TABLE 6-1. Evaluation of computer-assisted refractive error in
determinations based on comparison with conventional clinical methods.

Initial Trials Debugging Trials Final Trials

Number Number A Number

Satisfactory 65 83.4 70 87.5 76 95 0
Good agreement (57) (73.1) (59) (72.8) (67) (83 75)
Agreement (8) (10.3) (II) (3.6) (9) (I 25)

Unsatisfactory 13 16.6 10 12.5 4 50
Avoidable system error (5) (6.4) (5) (6.5) (I) (1 25)
Fundamental patient error (3) (3.8) (3) (3.6) (2) (2 5)
Error of unknown cause (5) (6.4) (2) (2.4) (1) (125)

Totals 78 100.0 80 100.0 80 1000
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prescription from the computer system. Seventeen percent could not. Of the latter, about 6%
%ere aOidable by improved hardware, software, and flowcharts. Another 6% failed for undeter-
mined causes About 4% failed because of a mental or physical inability or lack of ,desire to
accept or to respond to the instructions. There appeared to be nothing that could be ,ine to
akoid errors by those confused by the simple instructions, short of prolonged training or educa-
tin sessions On the basis of the initial tests we concluded that about 90% of the patients may
rece,'e a satisfactory prescription once the obvious instrument failures are corrected. If the
undetermined causes of errors are correctable, it is possible that as many as 96% of the patients
mas receive a satisfactory prescription. Four percent of the patients did not seem to be able to
cope wAith an automated system but needed human intelligence and understanding.

The sample of near corrections shown in Table 6-2 is much smaller because of the smaller
number of presbyopes, and because of the cases in which an unsatisfactory distance prescription
rendered the lens add inapplicable. Of 28 patients, 68% received a "useful" add, and 32% did
not [he avoidable errors for the near add were large (29%) because of "bugs" in the program-
ming and flow chart, all of which were later corrected. It bezame clear early in the trials that the
near-add flow chart had these faults.

TABLE 6-2. Evaluation of computer-assis ed determination of lens
addition for near based on comparison with conventional clinical methods.

Initial Trials Debugging Trials Final Trials

Number Number % Number %

Satsfactor v 19 67.9 29 80.6 28 100.0
(ood agreement (18) (64.3) (24) (66.7) (24) (85.7)
Agreement (1) (3.6) (5) (13.9) (4) (14.3)

L nsatisfactorv e/ 32.1 7 t9.4 0 0.0
-%'oidable system error (8) (7) (19.4) (0) (0.0)
Funoamental patient error (I) (0) (0.0) (0) (0.0)
Error of unknown cause (0) (0) (0.0) (0) (0.0)

Totals 28 100.0 36 100.0 28 100.0

Dist Ussion
The most difficult part of the evaluation we performed was deciding whether a given

difference in prescriptions was clinically significant, i.e., whether one prescription would be satis-
factory and the other not. Determining which of two prescriptions would be more satisfactory was
easier because such a judgment is relative rather than absolute. Visual acuity helped us in this
relative judgment. Also of value to us was the plus-bias rule that states that for the same acuity,
more con.-ex lens is preferred.

A valid method for determining differences that are difficult to categorize would be to pro-
vide the patient with two pairs of glasses, one with the clinician's result and one with the
computer's The patient would not know the source of each prescription. After a suitable inter-
val. the patient would report whether one is preferable to the other, or if they are both equal.
Furthermore, when there is a preference, the patient should be asked whether the less preferredprescription is adequate. Such a method was not employed in this initial evaluation for reasons of

economy and the rules for the protection of human subjects.
Two future courses of action were clearly indicated. First, the system had to be improved

mechanically, electronically, and in the optometric flow charts. Our goal was to obtain virtually no
unsatisfactory results caused by avoidable errors. Second, an effort had to be made to determine
the thus-far unknown causes of errors. Were they really avoidable errors, or were they funda-
mental errors" Third, those patients whom we categorized as making fundamental errors had to
be reconsidered to determine whether these errors could be overcome. For example, if the error
were due to poor hearing, perhaps special earphones or other aids for the partially deaf could be
used If the error stemmed from confusion in pushing the buttons, a separate training machine
might be useful. The patient would use it to practice before the regular examination, until a
simple test was passed.
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The second clinical trial with 80 patient volunteers (Marg et al. 1978a) was specifically
designed to identify the errors in the hardware, software, and optometric flow charts. Improving
the obvious errors seen in the initial trials brought the satisfactory results for the distance
prescription up to 87.5%. The discovered sources of error were varied. Some were found in the
optometric flow charts; some in the Fortran and assembly language routines at various operational
levels.

The major problem was discovered in the operation of the pushbutton answer or response
box. The error occurred when the patient pressed a button and held it down too long. The but.
ton was still registering when the next slide was presented and the previous answer registered in
error. Installing an "initial edge detector" in each pushbutton circuit made any delay in the
release of the button of no consequence.

It was also found that a "warm-up" or exercise program would prevent the errors that
occurred when the occluders stuck. Another mechanical problem was obvious in the cartridge
tape deck which announced lens "Number One," and lens "Number Two." These messages are
played so often during an examination that the metal sensors on the tape tended to break down

frequently simply from wear. By replacement of the tape unit with a Harris Semiconductor Corp
chip which employs continuous delta modulation for voice encoding, moving parts were elim.
inated and reliability greatly improved. This device requires about 161/2K bits/sec memory and
gives speech of good telephone quality.

Many other changes were made but most were accomplished too late to affect the level of
satisfactory results for these trials. It was estimated that once all the currently uncovered errors
were corrected it should be possible to approach a 95% satisfactory operation.

The final evaluation with 80 patient-volunteers was performed after all possible corrections
had been finished (Marg et al. 1978b). It showed 95% satisfactory results for distance and 100,
for near. Not all the errors were completely eliminated at the beginning. For example, there was
at times a recurrence of a "hunting" oscillation of the cylinder axis, which was called axis chatter
This fault sometimes slowed the test but did not directly affect the results.

An upgrading of the hardware and further improvement of the software and optometric

flow charts can make the system even better. Use of the system in its planned mode of assisting
the clinician rather than pitting it against the clinician as was necessary in these trials should also
give better results. The following developments are in progress.

1. Binocular testing. All the hardware exists for performing various binocular tests includ-
ing heterophoria, prism duction, etc. The development of flow charts and their translation into
algorithms will make automated binocular tests a reality.

2. Microprocessor interface. Currently the system interface consists of hardwired logic cir-
cuits. Since it was designed, the development of microprocessors has made the logic circuit
obsolescent. The same job can be done by microprocessors with greater economy of cost, size,
and weight, and proven greater flexibility and better control.

3. Retro-illuminated display chart. By a modem microprocessor-controlled adaptation of the
old back-lighted eye chart, popular half a century ago, the display will have no moving parts and
higher reliability.

4. Floppy or flexible disk& Replacement of the dual digital magnetic tapes with floppy disks
would decrease memory access time and thus the examination time.

5. Refractor IlI. The refractor has proved to be generally rugged and reliable. It can be
improved by the redesign of certain aspects:

a. better occluders (so that a warm-up is not required)
b. lower friction in bearing surfaces, to allow smaller stepping motors and faster movement
c. replacement of the mechanical rim encoders by photoelectric ones
d. reduction in weight and size
e. redesign with an eye to less expensive production
f. improved appearance by covers that conceal wires and cables
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(omputer Measurement of Visual Acuity

rhe determination of visual acuity is central to any eye examination. An acuity measure-
rnent is used to evaluate both the initial performance of the eyes and the results obtained through
an. prescribed correction.

I-or our purpose, there is no need to go into the fine, esoteric points of what is visual acu-
!t% and the various ways in which it may be measured. Our model of visual acuity determination
)s that done by a clinician in a regular eye examination. This kind of measurement is relatively
rapid and sufficiently accurate to grade patients according to their useful degree of acuity, From a
practical ,,iewpoint. visual acuity, as it is currently determined clinically, is entirely satisfactory.
Its greatest potential weakness lies, not with the method, but with the skill and conscientiousness
,t the examiner He may not wish to take the time and effort to produce highly accurate results.
It nia be adequate to produce results that are satisfactory but not necessarily the most precise.
The use of Snellen optotypes has become almost universal in countries that have a high literacy
r.mte and use Roman or similar letters, but equally good results can be obtained with other charac-
ters,. such as Landolt broken rings or C's, and illiterate E's. In 1965, when we first considered
,ormputer-assisted eye examination, it became quickly evident that the solution to automated eye
examitation depended on the successful automatic registration of visual acuity. By the term
wJrImut we do not mean objectove, because visual acuity is normally a subjective measurement.
I nol recentlv. objective acuity measurements were of questionable validity.

Some years ago, von Bekesy (1947) devised a new audiometer in which the subject, in
effeci. iook his own thresholds. It used the method of "up-and-down" of Dixon and Mood
I t9481 ,hich was originally devised for the testing of explosives. (See also Dixon and Massey

I' 1 Called the "staircase method," it was applied by Cornsweet (1962) to psychophysical
measurements but had not yet been applied to the determination of visual acuity. The staircase
method is extremely efficient and requires presentation of many fewer stimuli than any other
p shophysical method. Once the first few stimuli are out of the way, all the other stimuli are
'er' near the threshold level so that each one contributes importantly to the final computer thres-
hidd 'alue

Marg. Liberman, and Crossman (1969) usca the staircase method for the determination of
oisual acuity in a manner simulating computer testing. Since no computer was yet available to
:hem, the experimenters changed the letter sizes manually in the same fashion as the computer
wouuld and demonstrated that the automatic determination of acuity was feasible. This experiment
led to the actual computer determination of acuity in accordance with the same principles (Cross-
man. (oodeve. and Marg 1970). The determination of visual acuity by the automatic method
%,as in agreement with the manual Snellen chart determinations. A reasonable compromise
he, een the conflicting requirements of simplicity, speed, and precision was achieved.

The automatic method is best understood as a further development of the conventional
manual procedure for determining visual acuity with a Snellen chart. The patient is asked to read
a riore or less random sequence of alphabet letters of a given size or visual angle subtense. The
dinician notes the correctness of each response and judges whether or not the patient appears able
to resolve that size of detail within a reasonable time. After this judgment the optometrist ,

presents smaller letters if the response is correct, or larger letters if not, and the procedure contin-

ues. finishing when the clinician has found the smallest row or column of letters that the patient

is ahle to read. The acuity is given in a fractional form as the distance (which is directly relatived
to the subtense) of the just readable letters relative to that of the normal subject. It is expressed
as 20/X. where X is the distance in feet at which the normal person can just read the smallest line

that the patient can read at the 20-foot distance. Normal is 20/20 or detail of 1 minarc. If the
patient fails to read one or two of the letters on a line, or succeeds in reading a few of the letters
nn the next smaller line, a notation may be appended to the fraction indicating slightly more or

slightly less acuity than the fraction otherwise indicates. Some clinicians use simply plus and

minus, others indicate the number of letters missed, such as 20/20-2. (In Europe 6/6 for 6
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meters would be used in place of the metrologically archaic 20/20.)
The patient may think he is choosing one letter out of a set of 26 choices, but certain

letters such as I and W are not normally used on Snellen charts, since they are too simple or too
easily confounded. The correctness of the response is assessed by the clinician, who usualn
encourages guessing in order to avoid the common error of underestimating visual acuity. If the
patient guesses, he will be correct by chance once in 26 times, which is a probability of 0.038. B
inverse probability, a single correct response permits a strong inference that the subject can actu-
ally read the letter, since the likelihood is only 3.8% that he was unable to read it and yet made a
correct guess. With two consecutive correct responses, the probability equals about 0.038, or
0.0016, so that the likelihood of error is reduced to 0.16%. This computation ignores differences
in the discriminability of letters, which is beyond our concern here. A single error thus permits
96.2% confidence that the well-motivated patient cannot read the line in question. Reading letters
is thus a fast and accurate method of determining the visual acuity.

The basic difference between the manual examination and the computer examination is
one of communication. The computer can present all the letters of the alphabet, but the patient
would need a teletypewriter keyboard to respond, which would be too complicated for him. On
the other hand, the computer could present an illiterate E or the Landolt broken ring or C in one
of four directions and the patient would need only four keys to respond, one for each direction
If the four-choice Landolt C target is used, the probability of a guess being correct is 0.25 and fi've
successive responses (which yield a probability of 0.001) are required to reach the same certainty
about the target the patient can actually resolve as that obtained from two correct alphabet letters
A single correct response yields only 75% confidence of believability, and two successive ones are
required for 93.8% confidence. Therefore, a four-choice procedure may be expected, other things
being equal, to require about 21/2 times as many responses to reach a similar confidence level as a
26-choice alphabet.

The original program was run on a PDP-8/1 with 4K 12-bit words of core memory, and a
1.5-microsecond memory access time. This program actuated a random-access carrousel slide pro-
jector containing 80 slides, with an access time of about I second. The program employed
approximately 500 machine instructions. Computations were performed in binary arithmetic and
the results were punched on paper tape and/or printed on a teletypewriter. Subsequent analysis of
the data was performed on the same machine by means of a Fortran system.

Fourteen student subjects were used, some of whom were selected for poor uncorrected
acuity. This group, with a mean age of 21 years, of good intelligence, and apparently free from
disease, was certainly not a random sample from the total population of potential patients, but it
was not unrepresentative. None of the subjects was experienced in computer usage, eye examina-
tion, or psychophysics. None of them experienced difficulty in performing the required task, and
all gave satisfactory results. For these early trials a four-position joy-stick was used in place of
pushbuttons, but later in our work we found the pushbuttons to be simpler and easier to use.
Visual acuity comparisons were made on an American Optical Co. Snellen chart (No. 194) at 20
feet, with about 10 foot-candles of illumination.

Figure 6-1 shows the results from one subject. Two conditions were used, in the experi-
ment, A and B. Condition A required guessing if the subject could not discriminate. It was a
forced four-choice experiment. In condition B an additional "don't know' ' button was provided,
and the subject was asked not to guess. These two conditions actually gave the same results and
the forced four-choice method alone was retained.

Although the basic concept of automatically recording visual acuity was shown to be valid
and practicable, it was desirable to speed up the procedure. For this reason the subsequent pro-
grams were divided into two categories: (1) the jump procedure, which would be a coarse change
of acuity-chart stimulus size, and (2) the step procedure, which would be a fine change. Jump
sequence would start with the 20/400 character or ring and quickly proceed to the region of the
threshold. Then the step sequence would take over, and in small steps determine the actual
threshold. This procedure saved time.
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Our basic computer-based method of determining acuity has been adopted by Decker et al.
1 l9'5 They constructed a small machine for this purpose. Various other automatic methods of
determining acuity such as that of Millodot and Harper (1969) have not to date proved clinically
practicable One method that is very promising and has been used on human infants is the visual
evoked potential (Marg et al. 1976). However, this method would be cumbersome relative to the
computer-based method described earlier unless one were already recording evoked potentials for
some additional reason.

Computer-actuated Refractor III
The design and construction of Refractor IIl (Plate D) came as a result of the experiences

gained from the design and construction of Refractors I and II. They have been treated in some
detail elsewhere (Marg 1973).

Refractors I and I1 were based on a trinary system Refractor I was activated by solenoids.
whereas in Refractor If pneumatic motors were used, triggered by relays, which controlled air
orifices Refractor I was not well designed mechanically, which prompted the change in design in
Refractor II to a pneumatic system.

The trinary optical system was adopted for two reasons First, a trinar) system is easily .,
translatable to the binary system on which the computer is based Second. but more ,',p,)rtant. a
trinary system provides for a given step size and range a minimum number of lenses It provides
not only an economy of lenses, which may be trivial in the overall cost, but there are also fewer
lenses, which may simplify effectivity error corrections.
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A series of both positive and negative lenses is employed: ±025 D, ±0.75 1), ±2 25 1).
and ±6.75 D. These lenses, in pairs on a vane, can be combined in such a way as to give a range

of ± 10 D in quarter-diopter steps. Positive and negative lenses of the same power are nc ei

required simultaneously.
A similar approach is used for cylindrical lenses. Only negative or only positive cylinder,

are required. Customarily, in optometry negative cylinders are used. The lens pairs become 4) 2

DC on one side of a vane and -0.50 DC on the other side. The next vane would be -0 75 l)(

and -1.50 DC, and the next would be -2.25 DC and -4.50 DC. This series would give a max

imum range of -6.50 DC. Of course cylindrical-test lenses must be rotatable to provide hc,

desired orientation of the axis.
As indicated earlier, Refractor I was built on the trinary model, in which linear solenoids

to displace each vane to either side of the center were used. The inertia and friction of the .anes

holding the lenses was too great for the small, short-stroke solenoids. Their power was marginal

and was inadequate to overcome any imbalance. In the original design the vanes were to be
moved by flexible cables from the remote solenoids. However, the friction in these cables forced
us back to the drawing boards. There, a direct-lever, push-rod linkage to the solenoids was

designed and built. Spring tensions were so critical in their adjustment that it soon became ei-

dent that Refractor I had a faulty design and might find its greatest utility in a museum.
Refractor I1, based on the same trinary system, did work well mechanically. However, it

became apparent that a pneumatic motor system had not as high a reliability as would an
electro-mechanical system in which stepping motors were used. Moreover, despite its economy of
lenses because of its trinary concept it lacked the range of powers and variety of auxiliary lenses
needed in a practical system. Also, Refractor I1 required a source of compressed air, which meant

a bulky, noisy, and heavy air compressor. For these reasons Refractor III was designed and built
Refractor 11 did fill a function in teaching us how to design and test flow charts during the consid-
erable period that Refractor Ill was under design and construction.

Refractor III was designed around four lens-holding disks. Disk 1, on the ocular side,
contained the high spherical lens powers (to minimize effectivity error corrections). Disk 2 con-
tained the low spherical powers. Disk 3 had the high-power cylindrical lenses disk 4, the
low-power cylinders as well as prisms. In addition, auxiliary devices were included such as a
stenopaic slit in disk 3 and cross cylinders in disk 4. Disks 3 and 4 were designed to allow a rota-
tion of the orientation or axis of the lenses. Each disk had 25 round ports holding 24 lenses or
other optical devices. One port was left empty. Occlusion was accomplished by special elec-
tromagnetically controlled occluders on the front of the instrument.

Disks 3 and 4 are each controlled by two stepping motors and are therefore independent of
each other, not only in relation to position but also to axis orientation. Thus, if desired. the
prism from disk 4 can be used at a different axis from the cylinders on disk 3. Smaller disks with
8 to 16 apertures would have required more disks in the design for the same steps and range of
power and would have complicated the effectivity errors and reduced the field of view. A disk
with fifty or more lenses was conceivable and desirable in that it would reduce the number of
expensive stepping motors. However, the large size would be awkward and would take twice the
time for the "worst case" change of lenses, through 24 ports rather than 12.

All positions are fed back to the computer so that the computer can alert an operator if its
commands are not successfully executed. The cylindrical or prism axis, that is the axis orientation
of disks 3 and 4, are fed back by shaft encoders. The positions of each disk are encoded by spe-

cial rim encoders. The vertical positioning of each lens is critical, especially in the high powers.
because of undesirable prism effects when the lens is not exactly centered. On the higher powers
the lens centers must be aligned well within a millimeter. This problem has been solved by a spe-

cial photoelectric detector, which insures accurate positioning.
The headrest incorporates proximity detectors so that the computer can react in ank

preprogrammed way to the patient being out of proper position in relation to the spectacle plane1of the instrument.
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\ r,islu,:ent near screen activated by a motor controlled by the computer is automatically
:. l ,ie for the near tests The screen itself is of translucent material and retroilluminated by
* ..' ~h Ilde projlector

in place ot a manual "flip'" cross cylinder, two cross cylinders in adjacent ports on the
, ic s, ire used. 90" apart in orientation. Thus it is a simple matter to rotate disk 4 from one

* ? ',ther t() gie the flip effect Another possibility would be simply to rotate one cross
h% 40 .e!, rapidly, but that part of the system cannot respond fast enough to obtain the

I tile has been said about binocular testing. It is generally agreed among optometrists that
ests are important and desirable There is some room for argument about the number

Kxi %'f tests that should be included in a basic eye refractive examination. The fundamental
h.i no hinocular tests have been included thus far in our system is simply a matter of
If has been necessary to get the monocular tests functioning well, since they are funda-

ind hasic to the examination The binocular tests have been postponed until the monocu-
ire better deseloped.

I here is no basic limitation in computer examination technology as to the type of binocu-
Al :hit cart be devised. Binocular test flow charts have been devised (see Appendix 1) but
, c, 'ri.. eo( i.et been translated into algorithms. All the necessary optical devices such as

. .nd special lenses are available All prisms can be oriented vertically, horizontally, or any-
,rcri between Separate controlled rotation of the prisms before the two eyes is possible, and

hi, ka, iner gradations than the step increments available can be worked out if desirable. A
i'.',r limitation exists in that the prisms reduce the number of gradations possible in the cylindri-

.encs since the prisms and some of the cylindrical lenses are in the same disk for each eye.
\ different approach has been used by Larson (1971-1973; Larson and Outerbridge 1974).

i .apphed stepping motors to rotary prisms in order to perform various prism tests. Rotary
* ;risnms were considered for Refractor IlI but it was decided that single prisms in the disks

i.oe i.dequate choice of prism vergence powers without the additional stepping motors and
di surtaces for the eye to look through. A system such as Larson's might make an excellent
p.rr instrument and be quite cost effective when controlled by microcomputers.

I1he Alsarez-Ilumphrey variable spherocylinder lens was also considered for our applica-
,Tr Its primari, disadvantage is that it has a limited range. A practical refractor should have as a

m:'=rn ,,pherical powers of t 15 D. With the Alvarez-Humphrey lenses available at the time,
.,sh.r'rr, lenses were required to extend the range. In our application there seemed to be little

i, i,.fige as long as auxiliary lenses would be needed, since the simplicity of the linear control of

e is rAer wvith d stepper motor driving rack and pinion) would be complicated by the auxiliary

Natir and Kashdan (1976) have built an ophthalmic computer-based databank system. The
'm an ophthalmic examination are entered into the computer memory by means of a light
r 'he Lathode-ray oscilloscope face. Values are announced vocally by an enunciator to

,* ' teihniian who is performing the examination without an understanding of the strategy.
" .i, 'he ,ehni ian through a branching program what to do next. The technician enters the
~i -'!he s,stem. which controls the next instruction. This method, when implemented, will
, .iar if, our sstem except that it will obviate the need for a computer-actuated refractor,
-il A',h !he response box and computer-controlled display. The obvious disadvantage of this

,: 1 ,h:N that it requires a human being doing something that a computer can do. Nevertheless

f less training and skill can be used than with no computer at all.
letratotr Ill is a useful clinical instrument with a greater range and accuracy than any

-"I'" ratir figure 6-2 shows the printout from an actual examination taken by a volunteer

;,, l etterman Army Medical Center during system evaluations. -4

The tinal judgment on systems like Refractor Ill and its successors will be made primarily

.,.. ,nm grounds (Plate G,) It appears to be cost effective provided the instruments are kept

!i" i/ed. as they would be in a properly orpnized large clinic (Bohman, 1977).
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Wi~IE DENTIFICATION NO.: 5623

ADDPESSS PEFERED D'.: DR PUTLEDGE

PHOME: LAST EYE E,tAM: 1977

PATIENT'S SEX: F PLACE OF LAST EYE EXAM: LAMC

PATIEMT'S AGE: 40 DATE OF P3 EXAnM: 27--JUN--77 '14:26:53

OCCUPATION: DATE OF PRINTOUT: 20--APR-79 13:52:42

OD 01
VA -PH CYL A'.:,' T IME VA SPH CYL A:' TIME

V/A UJ -o p-':

4,00 PLANO 0:57 400 PLANO 0:33

VA 'OLD P:*,
20 --2.75 --0.50 67 0:53 20 -2.75 --0.75 01 0:55

SEQUENTIAL SPHERICAL CORRECTION:
--. 75 -0.50 67 ':45 -2.75 --0.75 - 1 1:04

FINAL :--C"L A::uS=
-2.75 --0.50 64 1:56 --2.75 --0.75 :35 0:53

C,'LI NDRICAL POUER:
--2. :37 --0.25 64 1:24 -2.37 --0.50 35 0:42

FINAL SPHERICAL CORRECTION:
-2.37 --0.25 64 1:19 --2.37 --0.50 :35 1:10

FINAL CORRECTION:
25 --2. --0.25 64 1-:43 20 --2 .37 --0.50 :35 2:02

SUG'3ESTED P:,':
20 --2.75 --0.50 67 0:00 20 --2.37 -- 0.50 :35 0:00

NEAR TESTS:

VAAE AE TIME NRA VAAF AF TIME PRA VAA0 TIME
+0.25 +1.25 25 +1.37 0:23 +1.00 25 0:52

EFFECTIVE P:
+7!3 --2. 62 "'0.50 67 0:3 --2.37 --0.50 :35 0:00

TOTAL TIME FOR ENTIRE COMPUTER AIDED R.,' 13.:54
FIG 6-2 Computer printout of the results from an examination by Refractor Ill
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Chapter 7

COMPUTERIZED OBJECTIVE REFRACTION

AND VISUAL EVOKED POTENTIAL

AN t Ci(l II. measurement of the refractive state of the eye is highly desirable but in most
nstjnce, not essential Most clinicians routinely take an objective measurement by retinoscopy
,jk now n as skiascopy) and use it as a guide to the subjective refraction. In those uncommon
nstances in which a subjective refraction gives equivocal results, or perhaps cannot be done
heLlue one cannot communicate with the patient, the objective refraction may be used as a sub-
stitute lloeer. as the subjective refraction uses the best visual acuity as its endpoint, it pro-
ide,, the most useful value for the correction of refractive erroi and the prescription of glasses.

ihere hae been several theories as to why retinoscopy does not give an ideal
refractise-state measurement. One possibility is that the reflecting surface for the skiascope shad-

(,, Aeen in the plane of the pupil is not that of the end organs of the foveal photoreceptors but is
hased instead on some other reflecting layer. Another theory is that much weight is given to
parahtoeal and peripheral areas of the fundus, which have a different refractive measurement
from that of the fovea In any case, the refractive state of the foveal cones is for the most part
no( being measured and it is the sharpness of the imagery at these end organs that provides good,
,entral isual acuity.

I-or almost a half century several objective eye refraction devices have been on the
marKet. sometimes called re/lractionometers (Chaps. 2 and 3). These instruments work in much
'he same ,a. as large ophthalmoscopes on instrument stands and measure the refractive state
when the fundus is brought into focus. They are objective in terms of the patient, but not, of
curse, of the examiner, who must make a judgment as to clear focus. Refractionometry is not as
Jiflult as retinoscopy, nor does it take the long training for competency. Refractionometers have
ne~er heome popular because they are much more expensive and cumbersome, and the results
dr( no more accurate than those of a retinoscope in skilled hands. Refractionometers have been
proposed for use by government agencies in times of disaster when skilled clinicians may not be

axdllable in adequate numbers. However, they do not provide a prescription that is any better
than that by any other objective means.

N\s discussed in Chap. 2 and 3, in the past few years three automatic retnoscopes which are
,orpletel) objective have become available. The first is Safir's Ophthalmetron, manufactured by .

Baush & Lomb The second is the Visual Acuity 6600 originally designed by Cornsweet and
( rane. manufactured by Acuity Systems, Inc. The third is made by Coherent Radiation, Inc. and
is ailed the Dioptron. These instruments all cost from $15000 to 30000 and give no more infor-
mdtion than that obtained with a skillfully used retinoscope. They have not become widely popu-
,ar. although they have been used to provide objective examinations administered by relatively
unskilled assistants. For this reason they have been of economic value in some practices. They
,annot be generally used as a substitute for the subjective examination as some originally
assumed (Pappas, Anderson, and Briese 1978a, 1978b).
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Visual Evoked Potentials
Visual evoked potentials are potentials that can be obtained from the visual system, gen-

erated by visual stimuli. Ordinarily these potentials can be obtained from the eye by a
contact-lens electrode, or from the brain by electrodes on the scalp. In order to distinguish
between evoked potentials from the retina and those from the brain, the latter are called lislal
evoked cortical potentials. However, most investigators make this distinction by using the classical
name electroretinogram for a potential from the eye and simply evoked potential or visual evoked
potential for that from the brain. The term visual evoked response (VER) is identical with 'jsual
evoked potential (VEP).

The active electrode for evoked potentials is usually placed over the occipital area in the
midline, 2 cm above the inion, the protuberance at the back of the head. Changes in visual
stimuli generate potential changes largely in the visual cortex which are picked up by the acitie
electrode.

The visual evoked response recorded from the scalp, which may be about 5 #AV, is gen-
erally much smaller in amplitude than the electroencephalogram (EEG, about 50 AV). In the
present context the EEG is considered noise, and therefore averaging is required to be able to dis-
tinguish the evoked potential from this along with other background interference The
signal-to-noise ratio is improved by the number of samples N, averaged by NN-W. Averaging
computers are available for around $5000 but a basic system complete with visual pattern stimula-
tor currently costs up to $20000 (Table 7-1). However, a computer is already available in combi-
nation with a computer-assisted eye examination facility. Only an averaging program is needed.
along with suitable analog-to-digital and digital-to-analog converters and amplifiers.

The literature on visual evoked potentials is large and growing For a general background
the reader is referred to the most definitive current textbooks in the field, by Regan (1972) and
Desmedt (1977).

The use of averaging to extract small bioelectric signals from noisy backgrounds originated
with Dawson (1954). Visual evoked potential recording blossomed with the commercial availabil-2 1ity of averaging computers in the early 1960s. At first most experiments were performed with
homogeneous flashes of light free of stimulus contours or patterns. A number of investigators
attempted to number or name the separate waves of the evoked potential just as the electroretino-
gram was characterized by a, b, c, and d waves half a century earlier. Each investigator published
a different VEP waveform (Fig. 7-1). Although these diverse results can be attributed in part to
a lack of standard light stimuli and electrode placement, there are also large individual differences
and variations in response to homogeneous or unpatterned light stimulation. It was not until the
early 1970s that it became generally recognized that form stimulation is preferable to flash stimu-
lation, testing more precisely the capabilities of the visual system. Spehlmann (1965) first showed
the importance of using form stimulation, comparing checkerboard stimuli with blank or unpat-
terned light flashes. He also showed a decrease in the amplitude of the evoked potential to a
checkerboard stimulus when the patterned target was blurred with a + 10 D lens.

Reitveld et al. (1967) demonstrated that the patterned evoked potential was primarily, if
not entirely, a response of the central visual field (Fig. 7-2). As the pattern is removed from an
increasing central area, the response diminishes. When the stimulus pattern is removed from the
central 40 little or no response is seen because the fine checkerboard stimulus can be resolved
only by the central, most acute part of the visual field; the more peripheral retina cannot resolve
the pattern and thus does not contribute to the response. Furthermore, the central macular area
is far more extensively represented in the visual cortex than the peripheral parts of the visual
field. The authors also used a subtraction method, taking the responses to an unpatterned

": stimulus from those of a patterned stimulus to provide a pure patterned response, amanipulation that assumes linearity.

At about the same time the beginning of a series of brilliant analyses of the evoked poten-
tial appeared by SpekreiJse (1966). His results (Fig. 7-3) also show the central-field character of
the patterned evoked potential with the diameter at about 3 . (This phenomenon provides a
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FIG. 7-2. Contribution of central foveal area to pat-
tern response. Stimulus is checkerboard approximately

I l( o(rnparison of visual evoked potential 12* square with increasingly larger central area blanked
ohtained h% sarious investigators Waveforms differ out. Curve at top is from complete checkerboard

he~iusc Af lack of standardization of stimulus and elec- stimulus. Second from top has 20 diameter central
ir, e organitation and placement. More repeatable area blanked out. Third and fourth curves are 30 and
'iai\Ct(rm% are generated with patterned stimuli than 40, respectively. Response curve is generated primarily
%iih homnogeneous. nonpatterned light flashes as used if not entirely within central Y. (From Reitveld et al.
here t orn Oastaut and Regis 1965. 1967.)
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1-16 '-3 This curve supports conclusion from Fig. 7-2 that effective area for pattern response of visual
esoked potential is approximately the central 3* (From Spekreijse 1966.) Two eyes. counterPhasC chess-
board pattern, 10.4.9 cps. 15% mod., 300 asb.
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I ABI F 7 2 Equivalent sizesi "I ABIF 7-3 Comparison of lield s/c II II
different methods of notation to visual angle in degrees

)etail ° 
(mm) Cycles linear (cnj

Snelle nmar (aI 6 m) r degree L - _

20/15 0.75 022 40.0 Degrees of arc One meter Six mcier,
20/20 1.00 0.29 30.0 I I 74---- 104'
20/25 1,25 0.36 24.0 2 3 49 20 95
20/30 150 0.44 20.0 3 5 23 31 45
20/40 2.00 058 15.0 4 698 41 96
20/50 2 50 0.73 12.0 5 8 73 52 49
20180 4.00 1.16 7.5 7 12.22 73 67
201100 5.00 I 45 6.0 9 15.71 95.03
20/200 10.00 2.91 3.0 10 17,46 los 80
20/300 1500 4.36 20 12 20.95 12753
201400 2000 5.82 1.5 14 2444 1496O
20/600 3000 8.73 1.0 16 28.68 17205
20/800 40.00 11.64 0.75 20 3640 218 38

25 4663 279 79
*Multiply by 5 to obtain size of Snellen letters. 30 57.74 34641

desirable feature for the clinical use of evoked potential measurements. Often fixation of the eyes
may be uncertain because of lack of understanding or following of instructions, especially in
infants and children, or a lack of ability to fixate, as in the amblyope or squinter. The stimulus
screen can be of a 120 diameter or larger so that a fixation error from the center of the stimulus
screen of 30 or more has little effect on the results.) Another point of interest in clinical applica-
tion was the demonstration that checkerboard stimuli yield about double the evoked potential
amplitude of gratings of the same size and detail. A larger signal-to-noise ratio requires fewer
samples. Spekreijse also clarified the relation between saturation of the response and various
stimulus parameters such as the degree of stimulus modulation (Fig. 7-4).

A systematic study of the effect of image blur was conducted by Harter and White (1968)
They found that the refractive state of the eye might be determined from evoked potentials with
the aid of trial lenses.

amplitude
(PV)

t0 - 3000 asb

8 10 asb

6

4 4asb

2

-, 0
0 20 40 60 80 % rnod

FIG. 7-4. Relationship between stimulus brightness, percentage of modulation, and response. Saturation
occurs at relatively low percent modulation with bright stimulus, and with higher degree of modulation with
dim stimulus. Abbreviation ash. stands for apostilbs, a European unit of luminance equal to I/ir candela per
square meter or 0.1 millilambert. (From Spekreijse 1966.) Two eyes, counterphase; checkerboard pattern.
10; 4.9 cp , 3.5".
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Principle% of \isusl Evoked Potential Refraction
\ .L exoked potential amplitude, as indicated earlier, is a function of retinal image

,harptc., Spehlmann 1965, Reitveld et al. 1967, Harter and White 1968). Evoked potential
latef0 aio depends on retinal image sharpness (ttarter and White 1970, McCormack and Marg
'f, Hce, in principle, one need merely change the refractive state of the eye through vari-
u, U\ilidar% lenses for a maximum amplitude response and/or minimum latency evoked
,,p,,j.,c to determine the refractive state.

l he determination of the sphere is relatively simple and straightforward. Harter and
Ahtc in their sstematic study employed translucent checkerboards which were briefly retroil-
umnjated h. a xenon flash source. They used about one flash per second and averaged approxi-

mazel I) respnse curve samples in order to obtain two points on a graph. These points gave
'.he vIuai eoked potential amplitude at two separate defined latency ranges (90-100 msec and
10-200 meci while the eye viewed the target through a spherical trial lens. Single stimuli

flahed t nter'.als of a second or more can be characterized as the transient method. (Another
'dnient method is one called appearance-disapliarance by Spekreijse, but it is more than just

t;an.ient since it also implies a constant average illumination. This method is now called
I iI)e"smedt 1977) a term descriptive of the stimulus rather than the percept.) Figure

- h',,s the response of two subjects who required sizable myopic corrections.
•A\n alternative to the transient-stimulation method is the continuous or steady-state

,tirnius ktillodot and Riggs (1970) used a continuous sinusoidal oscillation, presenting a check-
erboard hith the checks in alternating antiphase at 7 Hz. The maximum amplitude of the
sinusoidal %isual evoked response was sought during the continuous pattern reversal with changes
of spherical lenses. Figure 7-6 shows the response of one subject to the 7-Hz stimulus. Notice
ihat Ili. i,, 14 alternations per/second, which is reflected in the sintsoidal response. Another
a f considering the response is as a rectified sinusoidal wave which yields an apparent second

harmonic frequency Figure 7-7 shows the response of the evoked potential from the scalp and
dIso of the electroretinogram from the retina to changes in lens power which varies retinal image
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F](, C Change in visual evoked response can be used to determine spherical refractive error. In upper
graph subjet shows refractive error of -2.5 D (myopia) with his glasses off. In lower curve subject shows
change .f .5 00 D without glasses. (From Harter and White 1968.)
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sharpness. The sinusoidal output is a complex combination of the separate on and off respoi,>,
a combination that can be analyzed for amplitude but not waveform because of its complexil,

It is important to monitor the output of the amplifier before averaging to a'old nl .,u
hich may he synchronized with the signal. Most troublesome in this regard is a strong output 0.

alpha waves of the FEi (8-12 per sec). These waves can be driven or entrained by isual stimu
in their frequency range, so these frequencies are often avoided.

Using essentially the method of White (1969), and also Duffy and Rengstorf ( 197]
Ludlam and Meyer (1971) alternated the checkerbodrd stimulation with a diffuse, unpatierned
light stimulation and electronically subtracted one from the other. The flashed checkerhoird
stimulates both the form and the light senses, whereas a diffuse flash of the same average lumit-
nance stimulates only the light sense. One can electronically subtract the latter from the former
to try and obtain the response to form alone, assuming linearity of all the responses Although
this assumption may not be entirely valid (Spekreijse and van der Tweel 1972). still the respon>c,
seem somewhat better with this manipulation. The number of samples needed to obtain a u>eful
evoked potential depends, of course, on the signal-to-noise ratio. The signal increases 'oth \
(the number of samples) and the noise decreases with /, if we assume the noise is Gaussian
Thus, the more samples taken, the better the signal-to-noise ratio, but the more lengths the

0

1--" -* .

.4 It1+ J46 f -, i4 I .

FIG. 7-7 Cures taken fromd

+. -_similar to those in Fig 7-6 and from
Sthe same subject. The dashed line

t? labeled visual evoked cortical poternal
(VECP) shows amplitude of evoked
response from scalp. The solid line
labeled electrorennograrn (ERG) shows
response taken from the cornealcontact-tens electrode Visual evoked

FIG. 7-6. Visual evoked responses to sinusoidal alternating potential is more peaked ihan elecvrore-
checkerboard in antiphase at 7 Hz. Top curve is maximum tinogram, and therefore more sensiiie
response with the eye in focus. Subsequent responses with and useful for determination of refrac-
+ 1.00, +3.00, and +4.00 DS lens causing increasing blur shows tive state of the eye. (From Millodot
parallel reduction in evoked-potential amplitude. (From Millo- and Riggs 1970.)
dot and Riggs 1970.)
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%hch is cspecially undesirable in clinical practice. In most visual evoked potential
iniple ot It to 100 is adequate, depending on the signal and the noise.

\ im mum V.1P response is obtained from checks with 10 to 20 minutes of arc detail,
,ntrast that does not oversaturate (Fig. 7-3, Spekreijse 1966). One scans with large spher-

te ,; ps to find j rough maximum and then uses small dioptric steps to get the most
1i.U1 ' % ,. u l

\1,( ,rniack and Marg (1973) applied the principles of meridional refractometry to the
c'oked potential refraction. Gratings rather than checkerboard stimuli were used despite

, ,rider response in order to isolate the meridional value optically. There are three potential
.1,,knt1gC,, to this method First, it requires much mathematical manipulation to make the cal-
,.ri'rt, hut that is no disadvantage if a computer is available as it would be in computer-assisted

ii second. the grating targets give about half the signal that checkerboard targets do, a
jtiflcri tor which we can compensate by taking more samples. Third, if the refractive state
,hu ld ar , as it does when accommodation is active, large errors can result in the cylinder as

. . , rhe sphere Placing the visual stimuli physically as well as optically 4 to 6 meters away
hcnp inimize this effect

%kth these electrical methods it is possible to obtain accuracies as good as 0.25 DS in
,phcmii retraction with checkerboard stimulus. In meridional refraction the accuracy of the

. 1kimd lens ma drop to 1.50 1), although results as good as half a diopter can be obtained at
'[Mls These techniques are as accurate as retinoscopy for spherical determination, but not as
,reos tor the c lindrical values. Furthermore, the time required for these determinations is
r ,h longer than the few minutes retinoscopy generally requires. With future development, it is
' ,,ihie that the evoked potential method may become the best objective method and second only
., uhlet:ne methods Advances in techniques producing a higher signal-to-noise ratio by elec-

,mc and/or physiological means would serve this goal. At present, the only obvious way to
achieve this goal is to place the electrode directly on the brain itself, which would make the pro-
.edure unacceptably invasive.

Fast Fourier Transform Refraction Analysis
Regan ( 1973) has offered a fast Fourier transform method of determining the refractive

stae ,t the e .e in 2-3 minutes. A variable-power lens determines the average spherical refraction
in seconds. the astigmatic value is then determined by means of a rotating stenopaic slit traversing
;91 in a hiut 20 seconds in a continuous meridional mode. The response from the scalp after
jrnplifiation is fed to a quadrature circuit, which separates the x and y values and the phase.
.iter soime integration of the 7--Iz output wave, the response may be drawn on an x-y recorder,
vhih , elds a circular plot that provides a measure of the refractivestate. It is claimed that this
rnethod is sufficiently accurate to provide a clinical determination of the refractive state of the eye.

Bistrom et al. (1978) have attempted to replicate Regan's experiments by means of a
superior. commercial lock-in amplifier. They find that although the sensitivity of the system may
reak:h that found by Regan, the reliability or repeatability of the results is not adequate for routine
din al use Erratic changes in amplitude can be observed that appear to be caused by slight vari-
dtin, in the VEP output frequency when fed into a very small bandpass, high-Q circuit. The fre-
quetcs may, for example, change by only 0.1 Hz. The period difference between 6.0 Hz and 6.1
i is 3 msec This is only I to 3% of the transmission time. A biological system is unlikely to

maint lin a conduction velocity with such a high degree of stability. Regan's system is less sharply
tuned ,Q - 64) than the one used by Bostrom et al. (Q - 240). They found that only noise
resulted with a lower Q

Visual Acuity
The evoked potential can be used to measure visual acuity objectively. An older objective

method of determining visual acuity, the employment of optokinetic nystagmus, is difficult to use
and of questionable validity (Marg et al. 1976).
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Campbell and Maffei (1970) showed that the absolute-contrast threshold of the v'.sul

evoked potential coincided with the psychophysical absolute threshold. At threshold, when a grdl.
ing was visible, it would prioduce an evoked potential but the same stimulus would give no clear
response when it was not seen (Campbell and Kulikowski 1972). A similar reduction in mcr-
dional amblyopia (low visual acuity) and the same meridional evoked potential was shown
by Freeman and Thibos (1973). Berkley and Watkins (1973) demonstrated in the cat that .isuW)

acuity could be measured by evoked potentials by variations in the spatial frequency of the

stimulus. This experiment was followed by measurement of the development of acuity in gro'Aing
kittens (Freeman and Marg 1975).

Application of these methods in the nursery yielded data that showed that normal health.
infants reach the normal adult level of acuity (20/20 or 30 cycles/degree) at around 5 months (if
age (Marg et al. 1976, Marg and Freeman 1976).

Marg and Freeman (1977) found that the agreement between the common standard
psychophysical method with Snellen letters and with gratings eliciting evoked potentials w'as

mainly within ±7 cycles/degree. Some of the eyes had slightly reduced vision because of chronic
disease (Fig. 7-8). This agreement is within about one line on standard visual-acuity charts.
which is normally the maximum error of clinical measurement. Thus these 15 subjects
(6 normal and 9 abnormal) demonstrated reasonably good clinical agreement between the subjec-
tive and objective measures of acuity. Independently, Grail et al. (1976) found similar results

Evoked potential measurement of acuity may also shed light on visual development prob-
lems in regard to visual deprivation which causes amblyopia and may cause squint. These mea-
surements provide a powerful tool for the clinician and the neurophysiologist. Modern electrical
engineering and computer science has made them possible and it is expected that they "1l)
become more widely employed in the near future.

Summary and Conclusions
Although the visual evoked potential holds great promise as a clinical tool for determining

the refractive state of the eye, it is neither sufficiently fast nor accurate to be used in a routine
manner. It can be of value for selected patients who require special diagnosis such as for the
patency of the visual pathways, and for the diagnosis of certain diseases that effect the visual s,,-
tem such as multiple sclerosis (Zeese 1977). In special cases it may be helpful in determining the
refractive state, along with retinoscopy. It also can be used to determine visual acuity objectively.

which is of particular importance in infants and others who cannot or do not give reliable subje.-
tive responses. In principle visual evoked potential refraction should be superior to all other
objective methods, but it is not so in practice. Further development of the field where the advan-
tages of these principles are realized may one day make it routinely useful in refractive examina-
tions. At present, evoked potentials are firmly established as an important diagnostic tool for cer-
tain specific problems of vision and the nervous system.
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0 FIG. 7-8. Relationship between Snellen visual acut
Z , and evoked potential resolution. Squares represent

normal eyes; triangles represent those with some
chronic pathological process such as glaucoma, macular

a degeneration. etc. There is good clinical agreement
within t 7 cycles per degree, between the dashed lines.
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EPILOG

Computer-actuated Refractor III Prime

While this book was being typeset, the new developments outlined in (hap 6 were i lpi,

gress and have now been completed. Refractor III Prime (Plates K and 1.) has (tie range t'

older model but with all the improvements in design that were discussed
The system is smaller (largest dimension 24 in ). lighter (52 I. and more rehahl h

scened possible ust a few years ago. Power consumption (typically 8 to 25 W for the reLtr,,!,'

and less than 500 W total) is a fraction of the previous level The retractor is faster Iort-!.
moiement time less than I sec at low speed), and quieter, and has met or exceeded the dc-,ig

goals to make it a practical, clinical instrument, easy to maintain and, it necessar,, to .cr _

Stepping motors control the axes and dc motors turn the lens disks.
We have also installed dual floppy disks, microprocessor-contrilled retroillumm,ic,1

displays, microprocessor interface, and a single-board computer featuring an Intersil 1Mb!'iw

microprocessor in place of a PDP-8/FE. The electronic circuit boards and power supplies lit 11
one box with the dual floppy disks. The box can fit into a standard 19-in -wide rack and Is I I

high and 34 in. deep The front of the box has a two-line display of 24 alphanumeric hairat.i.r,
each for lens power readout.

The distance retroilluminated display is about 39 in, square and 4 in deep It emplums
long-life miniature incandescent lamps controlled by a microprocessor.

We who have worked on the project over the years feel that this is the fruit of our lihw

Naturaliy we shall find ways and means for further improvement. But at this stage we hac

practical and useful instrument that we expect will launch e.e refraction eaminatmns mu,
computer age.

PLATE J Refractor III Prime
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Appendix I
CASE HISTORY FLOW CHART*

No Are you blind ii one eye"

Is your left eye blind'

No 'e

Rhieye bidLef I eyec blind

Were you referred by another healt hld practiiner

Prfsonal referal

No C is patient age le,:s tharn 9 years"

Did you bring your child in to be examined because
you feel be/she holds things too closely?

cidwork

Does your child squeeze his/her eyes together" 6

Did tbe school nurse or teacber tell yuthaeorevs examined'

______________N ___o_ Are you troubled in any way with blurred vision'

No Is your distance vision blurred' (9)

*Rectangular boxes are patient's answers, round boxes are questions answered from data in the computer
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A

Do o expeienceblure isc ion nya ngt(0

i'u ~ ~ A nighten~ ony t iht (

D)id this blurriness develop suddenly' (12)

Deloped suddenly

lMies %our blurred vision come and go whil yu are looking at something'. (13)

D~o words blur while reading" (14) I

Words hlurwhlredn

_____________ lae i' he yoe pain'hes (16)

Are the headaches lctd othe tp ofyour head? (17)

Are the headace T(ce nyorfrehead? (g

Are the headaches located in the back of your head" (19)
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Are the headaches located othe sde ly head"

Arc the headaches locatd ithe y isockts

No Wh hd hes ste 2

WDo the headaches occur onre or more timens each week" (24

occur once per week, but less than three times per week

No0Do the headaches occur inthe morning') (261

in mong

Do the headaches occur when You wake up' '

upon rg

41 Do the headaches occur in the afternoon? (28,

inthe fen n

Do the headaches occur in the early evening? (9

eal



I ) tile hcid.j1c o~u Init tie1,1 C C0pt I

Doeiiur hea hur whn uredo e (32)

Doies %our hahutwe re at the 133)
mouics. driig. owacig teeisiifl

'o r head ltar, hurting at anm time independent of what Nou are doing" (341

Do.iou take aspirin or iothe.r medlication when sour head hutrts~? (35)

jakmdictoorrle

Whn u ed trshrig dovuso hat .ou are doing'. (36)

slops cti~iy forrelie

\Nc orha sdi uln d ho clsoh e)e o rle" 38)
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Do o ur eye fe le i ke theyar bO urning' 141

bung feing

Did (he irritlion starI occurring within the last tc\A daW 4

A c w ree iriae intee ig' (44,

Yeo

No D~o your eyes hurt under normal lighting.'(8

Photopoi

ED 0
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D id light iu*,i tClt att h r ru 149)

. .\1501

Dodurncsfe tied htand o r tie SI bIhrv ' (

4.

Do our y es bothe r w en reding th5d2')57

dupo kng
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Iq

D~o sour ces hother ,u .Iili heheeier

D~o sou e~sbte o hen ou watc l ino

Do our eses bother- sru more thin lour dajs per A ck p

en leosutpwht o r doin to btareicto moeta

when your eyes start to hotber you

Stps activit fr relief

No jo you cover or close one eye for relief when your eyes bother iou

Dhe your Coevers re o yloue tohe bohFth~ foerlef Ie

bot ee

Do you take medication for relief from eye strain?

takes ediainforref
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fe dr I ing "pulling fl ti n i

i u I c pa in s i n - ., 7711

I)o~cs the pain os, ur in Noth cics

111c ,u cicr \4hilc or IeIlrr- trinp dis-harp: fron , our COC% 2

%Iutus or pusI discharge front cie

111% ou an cinhd lhit iou ,jnnot keep from jtc:htng (3

Flu~ id turned la (74

1474
(7i)

171 76)
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a! o c g j, ,xx !

lc " "'I \rci thcCT t'd 93~en W

IIJ~l)T ' rger

11 id m,- Oinw c~ un ni tkho. O

cx Qe nhlho

01I %-o~rj~r, rhrter n125 un O

ollik hlsoq oll unt9



as~~iiek A h n~ ui e h

Nbona roti ~~ 7h u

No ll~~c o mv \hnornial groth on N u vdid',

[)(.es thiN grio th atlec:t our %so

lb1C WU TI OtkLd dm odd colored polt on tour th

Ohnorma!~ obred 'port, in etehab j

lbte tou noticed in. odd Ltoured spot, in tour ceelid,

*\hiornm]t :obored %potl, n edid

\o re there ant other dhnormnal thing, about .\ur iitt hit

-- * e li' u flaliLed in% flishiflg or streaking MI light trt sur \ bio0n
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th' 11th.'"Ir lld d th c %i w l1 h

)A, Ihf C -'. ,I, I " ma e lo g sieII jch 'lhcr 1107)

In T1111)9)n

D4 (usedIU nI~ I

I L 1 seI-r Lr leII 0~ g d(ILIh)C 1112)

rhf 1u 1,t uIse I u c c 7111*

\reIw Iw'k'fl at v~mething %ithin arm, length %hen U'cdu) 114
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%()rI u ee d,ipl lo 1Ct- A e' e h

Is Doi n outiin dhisktoreduom

.1 pa h at in t "hrat othdier abnolice .. n~ rhe or S a scti

n0 1

I e s m pri r c o m lain'

INeuheesmk o ne. hc

{su1 chcu. oapaetcopan

Do 'yuI,-aro tn hc ltgdC~

-- auco



. ?;m%'q~.~----u~*,~~

Dics the sii~g in the l ,iticti Lt ur c', 1 I 1

I rn(ll ,gwristowl' ]

V II ',c %, j ¢', r had i ,.rwus c'c Inlr 124)

A, as the right ee injured t 12')

'right ec i

,ta, the left eve injuredl)116

uld wit w as \%ell after the ie irnur as before (127)

rewx w ,., disturbe..d .,.,i° ,from in'°ryI

NI ii ia. %ou an eve disease" (128)

Sat present his an eve disease

11',1e No)u C taaracts,' (129)

Ila, wu glaucoma" (130)

)oes ths ee disease affect your vision? (1311

N. }qa,e you in the past ever had an eye disease" )132)

pat yeiseast
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l)id it leac sou %,iih reduced or dislurhed %isiol

reduced or disturbed vision resulting from this discase

No I Are ou it present under the care of a physician for anm thingI
ii present under care of phs lian

Is it for an eye disease

for eye disease

Is a physician treating or Witching you for diabetes'

Z odiaees

Is a phsician treating or %atching .ou l"ir high bloiod pressure

for high

N, o ptient fednle and o hder than 14 :"

4Are wou pregnant"€1

patientis pegnan,

No Is there a form of blindness or eye disease that seems to run in your 'amifk ,

Family history of blindness or other eye disease

Does this family eye disease involvL cataracts? 14o,

which involves cataracts

Does this fami ly eye disease involve glaucoma? 41

which involves glaucoma.

---- Has any member of your immediate family diabetes excluding yourself? W14?,

0
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C 1 m ,m Iilc iii) 14 %r r older

1"fin medl~tion 44,

NU I

exsi g olf i47,n,)

___()0_WU_"carofflittlenses' (1491)

\ru onact leev is car he 1

'ou remnove ',ur contact lenses in the evening"

131
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i0

glasses for after removal of contact lenses

Do you wear contact lenses at least eight hours a day" (- 52

SNo Yes

i ears contact lense es Iwears contact lenses atI
than 8 hr per day;7 least 8 hr pe.r day

Do you wear contact lenses almost every day' Il

wears contact lenses every dayd

Yes Are your contact lenses in your eyes at this moment' (154)

Did you take your coftact lenses out more f ls5
than 2 hours before this examination?

SRemoved contact lenses within past 2 hours I

Did you take your contact lenses out more than 8 hours ago? f156)

2 /Removed contact lenses between 2 and 8 hours before examination

Is one or both of your contact lenses lost or broken? 1v'

damaged or lost lens]

Do you want a new pair of contact lenses? .)58

wants replacement

No _ _ _- Have you ever worn lasses to see better? l S9

No worn glasses in the past

Are your glasses lost or broken? (1601

No
lost or broken

Are your frames broken? (161)

Rbron framesl

132
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Arc urCL (rar. loerunmfrtable (162)

Are -our frame mrthan 2eas old (163)

D) o\4a ekfrme, (164)

Arcon or both of' your lenses hroken." (165)

brken lens

INDd 5()u stop wearing ),our glasses for some (166)
reason other thin the) are lost or hroken"

quit wearing Rx for some reasotn

Arc sour glasses less than a ear old (167)

Rxss thanne ear ld

e, cl-), ( es patin crcnatlne

Do u want toatag cnatlnse 1168)

lasc ou had good cmlortahle vsion through our glasses tn the past. (169)4

IRx unsaair nhtjat.

Ilave ou good comfortable vsison through your glasses now' (170)

Rx unsas

133
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No )o you want spare glsses or speial purpose glasses I 1,

F-7t additional pair of' ge

I)o you want a spare pair of general wear glasses' I

additional pair od 7gener:al. 7glasses-

D~o you want sunglasses'l.

Do you want reading glasses 
1 "4)

readingglasses

)o you want safety glasses?

safety glasses

Have you any hobbies or a job that requires special glasses'? 1I-6,

occational glasses

Are you in good health I I I

patient is in poor healthI

No (Is patient less than 23 yr old or more than 35 )r old)

(es Was your last eye examination less than one year ago" (I "X

I last eye examination morethanayearago I

Was your last eye examination less than three years ago" (l

I last examination more than 3 years ago

Was your last physical examination less than one year ago? (1gO)

4 
.
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iOME I Ni1I

las~it ph kiIa more it n mi %,it Ig

%lAC Wu eTer hid J %CFriILu% idtLll J IIhI I 181

s eL r i o, u s , l k i d el l , ,[ f i n t ' "

Do o u gel ,ir r ca ick 182)

Einon ickness

1), 1.L ow~er or dor cic toe hm k at something cl'.elN 183)

uxe% one ete to look it o

Itlxe these queltons coxured the reason ou came In (184)

.,omplaint not covered h Uuelon, asked J

I Re-ask ill questions answered ")on't knoA" tirst time through)

II
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Appendix II

SOME EXAMPLES OF

EYE TEST FLOW CHARTS FOR REFRACTOR III

Refractor III 'iubroutline

" .'," M ", .. ", -rial (vindrical Axis, ( ross (ylinder
-.. . Sphere Power (heck

, :Binocular Balance
Astigmatic Test Interaction

I. Effectivity Program
,, e , , 'pht ial ( rrcdi. n Near Add by NRA and PRA
,phe lra ( rrc .' n Horizontal Phoria (by disassociation)

o, cgc;tI Og Horizontal Phoria
-, ,. t \ i, wgm.ti, [I ne Vertical Phoria

jC ( indri al .\x ,,.( ross ( Oinder Ilorieontal Ductions

, .,.r ( r-ss . , inder Vertical Ductions

I apt- .crder ( ornmand, and Iesage,

, ,rard so that our head is against the headrest

hear thi, tne again, press the hutton that corresponds to the opening of the C If you are not

. ,,,, II Ou ,ant toi hear the instructionS again, press the , nter button

ti e . s, lne% is darker or sharper than an. other, press the hutton that corresponds to that set of lines.

c r' tc ire the same. press the center hutton

SV. i,,.it,,n has the .learet and sharper letters, the red section or the green section') At the sound of the
lt'h ters in the red section are sharper, press the top button If the letters in the green section are

SNt i
p
ies 'he hotlhtm hution Press the right button if lhe, are the same if you want to hear the instruc-

*,t .it.iin press the .enter hutton

1K,. ,he nd i the lest Thank s',u fir sour cootiperatioin

".,hi,h en, ntkes the snmallest letters siu can see without squinting clearer, lens No I or lens No. 2" Press

p, ', r ,,,..n it \- I s earer Press the hottom button if No 2 is clearer Press the right button if they

1 ,' 'hc A.cs.r II su want ho see the .ho.ices again, press the left button If you want to hear the instructions

iia- prr,- !he ,entt hutton

1 a,,irfull at the smallest letters Stu can see "ithiiut squinting At the sound of the tone, press the top

he letters are clear Press the bottom hthtn if the letters are blurred If you want to hear the

".' , , ,ig i]ra press the ienter hutton
, V. ,5 t',, are darker and sharper. the horizontal lines or the vertical lines" At the sound of the tone,

;r. , ,p huti.in if the htr/tiorntal lines are sharper or press the bottom button if the vertical lines are

.'i'pt," Pr,, the right huttin if the, are the same If you want to hear the instructions again, press the

It .., lee A flashing red bar above the while spot. press the top button If the red bar is below the white

., press he hittttm button If the red bar touches or crosses the white spot, press the right button If you

S. " ee t flashing red bar, press the left button If you want to hear the instructions again, press the center

see a flashing red har it the left of the white spot, pres. the left button If the red bar is to the

I 'he hite spot. press th" right button If the red bar touches or crosses the while spot. press the top

P, ou do not see a 11, ' ,q red bar, press the bottom button If you want to hear the instructions

19,1' press the enter button 9
: Ahen sru see a single target or two targets that are so close together that you can combine them into a

.rngie 'irgei press the top button If you cannot make the two iprgets combine into a single target, press the

-!-,' ' itouin If you want to hear the instructions again, press the center button

' ' see two targets, one above the other If the top target is to the right of the bottom target. press

'he "gh hutitin If the top target is to the left of the bottom target. press the left button If the top target is

jir ,.tl! ih,,e the bottom target, press the bottom button If you want to hear the instructions again, press

,he ,,rer hutin

S"', tfh w " 1

1 I 3 Left eye now 5 Number 2 7. Same choice again "
2 .,ird 4 Please respond 6 Very good 8. Hello
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Symbols
A() - Add, None ORV - Objective Result. Visual Lvoked Resp[r mc
AL - Add. Empirical OS - Left Eye
AF - Add. Final OU - Both Eyes
AT - Add, Tentative PF - Power Factor
Beep - Signal for Patient Response PRA - Positive Relative Accommodation
BIC - Bichrome Letter Chart Q - Reaction Time as determined by Threshold
BIP - Bipartite Letter Chart VA Reaction Time
BL - Bipartite Lens -0.25 DS Left R - Right

+0 25 DS Right RTL - Reaction Time Limit
BVA - Best Visual Acuity RX - Prescription Powers and Axis
CPA - Cylindrical Power. Approximate RRX - Recommended RX
(PAN - Cylindrical Power, Approximate New SD Snellen Denominator
CPF - Cylindrical Power, Final SM - Short Message
CPT - Cylindrical Power, Temporary SP - Spectacle Plane
C = Combined With SPA - Spherical Power Approximate
CX - Consecutive Circuits through a Loop (between subroutines)
D = Counter SPT - Spherical Power Temporary
L - Error (within a subroutine)
EQ - Equal SPF - Spherical Power Final
FA - Approximate RX (between subroutines) SN - Slide Number

defined as SPA + CPA + XA V - Clearest Line which the Patient Observes
FOG - FA with enough Plus Sphere Power VA - Visual Acuity

to Fog (blur) Vision to 20/40 VA VAAE - Visual Acuity with Empirical Add
FT - Temporary RX (within subroutines) VAAF - Visual Acuity with Final Add

defined as SPT + CPT + XT VAAO - Visual Acuity with No Add
G - Counter VANOR - Visual Acuity, No Objective Results
H - Halt VAORR - Visual Acuity, with Retinoscopy RX
K - Counter VAORX - Visual Acuity, with Old RX
L - Left VAORV - Visual Acuity, with VEP RX
LC - Letter Chart VEP - Visual Evoked Potential
LM -Long Message W - Wrong
M - Multiplication Factor WPF - Write to Patient's File
N - No X - Circuits through a Loop
NA - No Astigmatism XA - Cylindrical Axis, Approximate
NLC - Near Letter Chart (between subroutines)
NOAX - No Axis XAN - Cylindrical Axis, New
NOR - No Objective Results XC - Cross Cylinder
NRA - Negative Relative Accommodation XCI - Cross Cylinder No I
NS - Near Screen XC2 - Cross Cylinder No 2
OD - Right Eye XF - Cylindrical Axis, Final
OR - Objective Results XT - Cylindrical Axis. Temporar)

ORR - Objective Results Retinoscope Y - Yes
ORX - Old RX Z - Counter

p€
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measurement. 29-32; Precision of Kellar, Tillyer, Visual evoked response. See visual -.

40, 43 British startdard, Swan, 43 Vial
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